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1 Introduction 
1.1 Aims 
The aim of this project is to research and analyse potential solutions to reduce the risk of aquaplaning on 
roads in flat terrain (particularly on transitions of superelevated curves) and determine whether the current 
design standards used in Queensland are appropriate. 
1.2 Objectives 
The objectives of this research come under two broad categories. The first of which is to determine whether 
the current methodology and standard requirements used in Queensland for assessing aquaplaning potential 
are appropriate. Upon completion of this research project, a register of the methodologies and standards used 
internationally will be compiled. The underlying principles, assumptions and calculation bases of each method 
will be presented and compared with those of the Australian method. Advice regarding the suitability of the 
Australian method will be presented and recommendations for improvement will be given if applicable. 
The second objective of this research is to identify solutions to reduce aquaplaning potential and where they 
are most applicable. Several internationally used solutions to this problem will be investigated and evaluated 
to determine the advantages and disadvantages of each. Recommendations will also be provided regarding 
the applicability of each solution to the context of Southern Queensland. 
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2 Background 
2.1 Literature Review 
This literature review intends to answer two focus questions on the topic of aquaplaning in order to address 
the two outcome objectives of the research project.  
The first research question is, “what information is currently available on the various methods used to assess a 
road’s potential for aquaplaning?” The second question is “what information is available on geometric and 
surfacing solutions to reduce aquaplaning potential?” It is intended that a variety of types of information will 
be gathered to address these research questions including theory, assessment methodology, design and 
assessment policy as well as some qualitative research.   
The scope of this research will be limited to the general principles of aquaplaning and will not go into detail 
about the mechanics and physical behaviours involved with the aquaplaning phenomenon. Research into 
assessment methodology and design policy will be on an international scale and as much information will be 
gathered on this as possible. 
DTMR Road Drainage Manual and Austroads Guide to Road Design 
Both the Austroads Guide to Road Design (Part 5A: Drainage – Road Surface, Networks, Basins and Subsurface) 
and the Department of Transport and Main Roads (DTMR) Road Drainage Manual (Chapter 11: Road Surface 
Drainage Design) cover similar material regarding aquaplaning background and assessment. Only chapter 4 of 
the Guide to Road Design and section 11.3 of the Road Drainage Manual are deemed to be within the scope of 
this research topic. 
The DTMR Road Drainage Manual (section 11.3) initially defines aquaplaning and identifies its causal factors. 
Once the background has been identified, the document goes on to explain the adopted methodology used 
for aquaplaning potential assessment. The methodology utilises the Gallaway equation (1979) and this is 
explained in detail in the manual, including a detailed look at each of the variables included in the equation. 
The assessment criteria are then explained.  
This manual is a current (January 2013) and reliable basis for aquaplaning assessment in Queensland. It is 
written in an easy to follow manner and clearly states all references and any assumptions made. This manual 
will form the basis for comparison of alternative methods of aquaplaning assessment throughout this research 
project. 
Tentative Pavement and Geometric Design Criteria for Minimizing Hydroplaning 
Tentative Pavement and Geometric Design Criteria for Minimizing Hydroplaning was prepared for the Federal 
Highway Administration of America in 1975. It is based on the findings of B. M. Gallaway and others. It is the 
first report issued of a two-phase study into aquaplaning minimisation. 
This document explores aquaplaning in a very high level of detail and involves mathematical modelling, 
computer simulations, field testing, and data correlation.   
The outcome of this report is a series of recommendations for desirable cross-falls, macro-textures and other 
variables which effect aquaplaning potential for various scenarios. It is acknowledged that these factors are 
interrelated and cannot be considered in isolation. The recommendations provided are based on the following 
assumptions: 
 Speed limit will not be greater than 88km/h 
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 Vehicle path is relatively smooth 
 Minimum tire tread of 1.6mm 
 Tyre pressure at 20psi 
 Rainfall intensity at 96 percentile (12.7mm/h for Texas) 
It is interesting to note that a rainfall intensity of 12.7mm/h (for Texas) is assumed for the development of 
these recommendations, whereas the intensity used by the RDDM can be as high as 50mm/h. This is a 
surprising difference and will require further investigation to determine whether the assumption is valid. Also, 
the assumption of an 88km/h speed limit is inappropriate for the Queensland setting as the majority of rural 
highways have posted speeds of 100km/h or 110km/h. 
The findings of Gallaway have been reviewed by his peers and form the basis of many standards used 
internationally to determine aquaplaning potential. Although this research was conducted almost forty years 
ago, it remains relevant and will provide vital background information for this research project.   
Highway Surface Drainage Design Guide 
In 1977, a guide was published by the Roading Directorate Ministry of Works and Development in New 
Zealand on the topic of Highway Surface Drainage Design for Highways with a Positive Collection System.  
The text uses simplified assumptions appropriate to the “expected and required” degree of accuracy for 
drainage considerations of road design. It also acknowledges that rainfall estimation is inherently a very 
uncertain science and the aim of the guide is to assist in designing roads which will “handle most rainfalls 
reasonably efficiently while preventing danger and inconvenience to the road user”. 
The document provides a design process for determining the rainfall intensity for a given duration event. This 
information is irrelevant to the Australian context as the data provided applies to the New Zealand rainfall 
pattern and this in itself produces coarse results. An aspect of interest however is the use of five minute 
duration rainfall events for aquaplaning analysis, which is also used by the Australian standard. It is also 
interesting to note that this guide recommends analysis for a 2 year ARI event, as opposed to a 1 year ARI 
event specified in the Queensland Road Drainage Manual. 
A method for calculating the surface water depth above the top of the road texture is given using the 
following equation: 
𝑑 = 0.046 
(𝑙𝑓𝐼)
1/2
𝑆𝑓
1/2
 
Equation 1 – RRL Equation, Water Film Thickness (Oakden, GJ 1977) 
Where  d = depth of flow (mm) at the end of the flow path 
Lf = length of flow path (m) 
I = rainfall intensity (mm/h) 
Sf = flow path slope 
The National Association of Australian State Road Authorities (NAASRA) are credited with this equation, 
however this is likely to be dated as the guide was produced in 1977. It is also interesting to note that texture 
depth is not considered using this method of assessment, unlike the Gallaway equation.  
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The document specifies three special cases for consideration of aquaplaning potential. These are curved 
alignments of twin roadways, gore areas at ramps and superelevation development locations. The final case is 
of relevance to this research project. Two possible solutions are identified for this problem. These solutions 
are diagonal crowning and staggered roll-overs. These solutions will be investigated in this research project. 
There is a gap in the literature for a detailed evaluation of these solutions and others and recommendations 
for each solution’s best application. This will be one of the focuses of this research project. 
Reducing Potential for Aquaplaning 
Reducing Potential for Aquaplaning was written by Roy Spillane, a Senior Advisor at the Queensland 
Department of Main Roads. This document was produced for the Department of Main Roads Planning and 
Design Symposium 2003.  
The paper was written as a case study into the effects of widening on aquaplaning potential on the Bruce 
Highway and the potential effects of future widening. In doing this, Spillane also provides a broader review of 
areas of high aquaplaning potential, a guide to assessing potential and offers several design alternatives for 
reducing aquaplaning risk.  
Spillane reviews the design principles associated with aquaplaning potential calculation and briefly overviews 
the method prescribed in the DTMR Road Drainage Manual (Chapter 11). The report then goes on to provide 
information regarding the current and future widening of the Bruce Highway. It was decided to utilise a 
staggered cross-fall development in this scenario to reduce flow path lengths. 
Some of the learnings identified as a result of this case study included: 
 Critically examining superelevation development in low grades and multilane sections 
 Assessing whether cross-fall is adequate 
 Plotting flow paths using road contours; and 
 Coordinating horizontal and vertical geometry to avoid the occurrence of flat cross-falls on flat grade 
sections. 
A list of possible remedial treatments is then provided. 
The document concludes with an investigation into the possible application of a diagonal crown. Spillane 
warns that this method has not been constructed by DTMR, nor has it been adopted for use. Using principles 
and guidelines provided in the Road Planning and Design Manual (Chapter 11: Horizontal Alignment), Spillane 
identifies the geometry required for a diagonal crown development on a curve with a design speed of 
110km/h. It is ensured that a truck carrying livestock would not exceed the maximum rate of rotation of 
0.025radians/s. A diagram of the curve geometry to this solution is then presented. This information is highly 
relevant and will be the starting point for research into the application and advantages and disadvantages of 
the use of diagonal crowns for this project. 
As the document is written from a Queensland perspective of road design and aquaplaning assessment it is 
highly relevant. It is also a reliable source of information as it has been provided by a government department 
and has been peer reviewed within the industry. 
Highway Drainage at Superelevation Transitions 
Charbeneau, Jeong and Barrett wrote extensively about the behaviour of sheet flow of storm water at 
transition curves in their 2008 paper entitled “Highway Drainage at Superelevation Transitions.” The aim of 
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the report was to determine the effect longitudinal grade had on sheet flow at superelevation development 
locations. It was hoped that an “optimal” longitudinal grade would be able to be identified to minimise water 
film thickness. It was found through the use of a physical modelling experimental program and numerical 
modelling that longitudinal grade had very little impact on the depth of water film thickness. Instead, it had a 
greater impact on the location of maximum flow depth.  As flat terrain is the focus of this research project, it 
was notable that maximum flow depths are located on the outside edge of a curve on roads with low 
longitudinal grades. 
Detailed investigation into various hydrological, hydraulic and flow dynamic principles, previous research and 
empirical equations were done by the authors before the development of physical and numerical models.  
The findings of this report are credible as they are recent and published by a reliable source (The University of 
Texas at Austin). As well as this, the project was performed in conjunction with the Texas Department of 
Transportation and the Federal Highway Administration. 
This document references standards for geometry provided by the American Association of State Highway and 
Transportation Officials (AASHTO) regarding aquaplaning. The adequacy of these standards is not however 
discussed. There is very little available literature regarding the adequacy of various aquaplaning standards and 
assessment methodologies and almost certainly nothing comparing the validity of the various standards. It is 
the intention of this research project to address this gap in the literature. 
As the findings of this document are based on peer reviewed scientific analysis and not location specific 
observations, this research can be easily applied to the Australian context. The content is highly relevant to 
the topic of this research project as it highlights superelevation development as a location of interest for 
aquaplaning potential. 
It can be seen that there is a gap in the literature on the topic of the comparison of various methods of 
aquaplaning potential assessment. There is also a gap in the literature on the comparison of various 
geometric, surfacing and drainage solutions to aquaplaning risk minimisation and the appropriateness of each 
for various scenarios. It is the aim of this research project to address these gaps. 
2.2 Aquaplaning 
There are three types of aquaplaning. These are viscous, dynamic and tyre tread rubber reversion 
aquaplaning. Dynamic aquaplaning is the focus of this research and occurs when the hydrodynamic lift of a 
film of water is great enough to separate the contact patch of a vehicle’s tyres from the road surface (either 
partially or completely). At speeds less than the incipient aquaplaning speed, water film over a road surface is 
shed from the tyre’s path by means of the pavement macro-texture and the tyre tread. If the pavement 
macro-texture and tyre tread have inadequate capacity to disperse the water, a wedge of water will form in 
front of the tyre and aquaplaning will result.  
Full aquaplaning is unlikely to occur at speeds of less than 80km/h for vehicles completing standard 
manoeuvres, however partial aquaplaning can occur at much lower speeds. The possibility of full aquaplaning 
is increased considerably at speeds greater than 80km/h or when completing manoeuvres which require large 
amounts of longitudinal or lateral acceleration/deceleration or sudden changes in direction. Aquaplaning is 
more likely to occur at lower operating speeds when WFT (water film thickness) increases. 
The following figure shows the experimental relationship between WFT and incipient aquaplaning (also 
referred to as hydroplaning) speed. It can be seen that the incipient speed is greatly reduced for film 
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thicknesses of greater than 2.5mm which is why both the Queensland Road Drainage Manual and Austroads 
guidelines give a WFT of 2.5mm is a desirable maximum. 
 
Figure 1 - Incipient Hydroplaning Speed (Charbeneau, RJ, Jeong, J & Barrett, ME 2008) 
When dynamic aquaplaning occurs, there is little or no friction between the road surface and the vehicle’s 
tyres and the vehicle loses control of steering, breaking and acceleration. Friction is only regained at a speed 
considerably less than that of the incipient aquaplaning speed. 
The causal factors of aquaplaning identified by Austroads (Guide to Road Design Part 5A: Drainage) are as 
follows: 
 Road geometry 
 Road surface texture, porosity and rutting 
 Operating speed 
 Rainfall intensity 
 Water film depth 
 Tyre tread depth, vertical load, width of tyres and tyre pressure 
 Driver behaviour 
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Figure 2 – Factors of Aquaplaning (The Highways Agency 1999) 
As is shown in the figure above, road designers have most control over road geometry (alignment and cross-
fall) and surface texture. These elements govern the WFT for a given rain event. 
2.3 Geometry 
Road geometry should have adequate slope to ensure efficient drainage to minimise the water film thickness 
across the road immediately after a rain event. This slope is the resultant combination of road gradient and 
cross-fall. The amount of cross-fall is dependent upon the type of pavement used. Recommended values of 
cross-fall are provided below: 
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Figure 3 – Pavement Cross-fall (University of Southern Queensland 2013 – CIV3703 Study Book) 
 
Figure 4 – Shoulder Cross-fall (University of Southern Queensland 2013 – CIV3703 Study Book) 
2.3.1 Longitudinal Grade 
At sections of road with high longitudinal grades, flow path lengths may be excessive as the runoff will flow 
diagonally along the pavement. This may result in unacceptable water film thicknesses. The shortest flow path 
lengths occur at sections of road with relatively flat longitudinal grades. In these sections, water drains 
perpendicular to the centreline as a result of the cross-fall. This becomes an issue at locations where 
superelevation is being developed, as there may be large sections where the cross-fall (and therefore the 
resultant slope) is near zero. In these instances, WFT is likely to be deep after a design rainfall, resulting in a 
high potential for aquaplaning.  
2.3.2 Superelevation  
When a vehicle travels around a curve, it experiences centripetal force in the horizontal plane. This force is 
provided by the side friction of the vehicle’s tyres on the road surface and a portion of the normal force 
proportional to the superelevation. The minimum curve radius for a given design speed is determined by the 
maximum friction factor and maximum superelevation for the prevailing conditions using the following 
equation: 
𝑅𝑚𝑖𝑛 =
𝑉2
127(𝑒𝑚𝑎𝑥 + 𝑓𝑚𝑎𝑥)
 
Equation 2 – Minimum Curve Radius (Department of Transport and Main Roads 2002) 
Where Rmin is the minimum curve radius 
 V is the design speed in km/h 
 emax is the maximum allowable superelevation and; 
 fmax is the maximum friction coefficient 
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The above equation is derived from the following: 
𝐹𝑓 = 𝐹𝑁𝑓 
𝐹𝑁 = 𝑚𝑔. 𝑐𝑜𝑠𝜃 
𝑐𝑒𝑛𝑡𝑟𝑖𝑝𝑒𝑡𝑎𝑙 𝑓𝑜𝑟𝑐𝑒 =
𝑚𝑣2
𝑅
 
𝐹𝑓 =
𝑚𝑣2
𝑅
𝑐𝑜𝑠𝜃 − 𝑚𝑔. 𝑠𝑖𝑛𝜃 
𝑓𝑚𝑔. 𝑐𝑜𝑠𝜃 =
𝑚𝑣2
𝑅
𝑐𝑜𝑠𝜃 − 𝑚𝑔. 𝑠𝑖𝑛𝜃 
𝑓 =
𝑣2
𝑔𝑅
− 𝑡𝑎𝑛𝜃 
𝑡𝑎𝑛𝜃 = 𝑒 
𝑒 + 𝑓 =
𝑣2
𝑔𝑅
=
𝑉2
127𝑅
 
Equation 3 – Minimum Curve Radius Derivation (Department of Transport and Main Roads 2002) 
The use of superelevation reduces the side 
friction demand for a curve of a given radius 
and design speed. Reduction in side friction 
demand means a higher factor of safety for 
friction loss crashes around curves. 
Superelevation development length is 
determined by two criteria according to the 
RPDM. These criteria are: 
1. Maximum rotation of cross-fall 
2. Relative grade of edge of carriageway 
and control line 
The maximum allowable rate of rotation for 
most road types is 0.025 radians per second and 
the maximum relative grades are provided in 
Table 11.4 of the Road Planning and 
Development Manual. 
The maximum length determined from these 
two criteria is taken as the development length. 
During superelevation development, the road 
rotates through a point of zero cross-fall (as 
Figure 5 – Sequence of Changing Cross-fall at Superelevation Transition 
(Charbeneau, RJ, Jeong, J & Barrett, ME 2008) 
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seen in cross-section 2 of figure 5). 
 On roads with flat longitudinal grades, this creates a region of near-zero pavement cross-slope. These areas 
have very slow drainage rates and have the potential to create ponding. As the maximum rate of rotation 
criterion is measured in radians per seconds, a higher design speed will result in a longer superelevation 
development length and therefore a larger area of near-zero pavement cross-slope. This can create very 
hazardous conditions with high aquaplaning potential.  
As well as creating surface flows with low drainage rates, this method of superelevation development also has 
the potential of allowing water to flow back over the road and creating extended flow path lengths. This 
situation should be avoided where possible. The figure below illustrates how superelevation development has 
the potential to greatly increase flow path lengths as water flows back over the road past the point of zero 
cross-fall. 
 
Figure 6 – Flow Paths to Avoid (R, Spillane 2003) 
Curves with close to minimum radius demand high values of side friction (near maximum, as seen in equation 
2) and skidding is more likely to occur. In these cases it is important that the pavement surface is capable of 
providing the level of friction demanded and the capacity is not reduced due to excessive water film 
thicknesses. This can be achieved by providing: 
 High aggregate polish value and crushing value surfacing materials 
 High surface texture depths 
 Reduced drainage path lengths 
 Rut resistant pavements. 
2.4 Surface Texture 
2.4.1 Macro Texture 
Macro-texture is important for dispersion of water in conjunction with tyre tread. It is also important for 
friction between the pavement surface and the tyres through deformation and hysteresis forces. Increased 
surface texture has also been shown to reduce water spray. Macro texture or texture depth is commonly 
measured using the sand patch test method.  One drawback of sand patch testing however is that results only 
provide the texture depth at a particular location. It is the responsibility of the tester to ensure the locations 
tested are indicative of the section of road being investigated. Some research is currently being done to 
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investigate the potential use of laser surface profilometers to quickly determine more indicative average 
texture depths. 
2.4.2 Micro Texture 
Micro-texture provides skid resistance and penetrates the water film to allow adhesion between the road and 
the tyre. The micro-texture of a surface material is reduced over time as it is polished by road traffic. Skidding 
occurs when insufficient friction is available at the tyres.  The presence of water on a road will reduce the 
friction coefficient of the interacting surfaces and will therefore reduce the friction available. Skidding should 
not be confused with aquaplaning; as in skidding, contact is maintained between the tyres and the road 
surface. Skidding is however relevant to aquaplaning and partial aquaplaning can be considered as being a 
combination of aquaplaning and skidding.  
2.4.3 Types of Pavement Surfacing  
Below are the general categories of pavement surfacing: 
 Sprayed seal 
 Asphalt 
o Open graded  
o Dense graded 
o Stone mastic 
 Concrete 
In locations where aquaplaning may be an issue, surfaces with a larger texture depth are preferred (e.g. 
sprayed seals, open graded asphalt, etc.).  Large texture depths allow for greater surface drainage capacity but 
also have the potential to disperse water flows. This can result in slightly longer flow paths; however the 
advantages of increased capacity generally surpass the disadvantages of spread flows. Texture depth may be 
reduced over time (in-service texture depth) and this should be considered by designers. This is particularly 
true for open graded asphalt which has a nominal texture depth of up to 2mm when new but can be 
considerably reduced with age as the pores are clogged with fine materials. 
2.5 Tyres 
In Queensland 1.5mm of tyre tread depth is required by law, which represents approximately 80% wear of a 
standard tyre.  Tyre tread depth is beyond the control of the designer and therefore not considered further in 
this research topic. 
2.6 Assessment 
2.6.1 Gallaway Equation 
The current method of assessing aquaplaning potential in Queensland (and the rest of Australia) is based 
on the findings of Gallaway (1971). The following is an empirical equation adopted by Queensland 
Department of Transport and Main Roads (DTMR) and Austroads for determining the water film 
thickness across a pavement. 
𝐷 =
0.103𝑇0.11𝐿0.43𝐼0.59
𝑆0.42
− 𝑇 
Equation 4 – Gallaway Equation (Gallaway, et al., 1971) 
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Where 
 D = Water film thickness (mm) 
 T = Average surface texture depth (mm) 
 L = Length of flow path (m) 
 I = Design rainfall intensity (mm/h) 
 S = Grade of flow path (%) 
2.6.2 Average Surface Texture Depth 
As aged or deteriorated pavement conditions need to be considered, a check should also be performed for a 
texture depth of 0.4mm. 0.4mm is given as a desirable minimum texture depth for roads with a design speed 
of greater than 80km/h and 0.2mm is the minimum texture depth for roads with a design speed of less than 
80km/h. 
2.6.3 Flow Path/Grade 
It is stipulated by Austroads that drainage paths should be less than 60m. On flow paths with several sub-
sections of varying slopes, the equal area slope method is to be used for use in the Gallaway equation (Road 
Drainage Manual, Chapter 11).  
2.6.4 Rainfall Intensity 
The design rainfall intensity is taken as the intensity of an ARI 1 year/5 minute duration event for the region in 
question or 50mm/h (whichever is lowest). The reason for this is, research has shown that the majority of 
motorists will reduce their speed when the intensity reaches 50mm/h or greater and many motorists will slow 
down at much lower intensities. 
The Austroads manual also stipulates the following:  
 Maximum water film depth of 2.5mm (desirable) to 4.0mm (absolute) for: 
o Sections where design speed ≥80km/hr 
o Approaches to and exits from intersections and roundabouts 
o Intersections and roundabouts 
o Steep downhill sections 
o Merge section for entry ramps/ overtaking lanes/climbing lanes  
o Diverge section for exit ramps/ overtaking lanes/climbing lanes  
o Superelevated curves (particularly those approaching limit curve speed) 
 Maximum water film depth of 5mm (desirable and absolute) for all other situations 
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3 Methodologies 
3.1 Research 
Several stages of research are required to undertake this project. The first stage of research involves 
investigation into the background of aquaplaning. In this stage, the level of a risk aquaplaning poses to the 
road user is determined, as well as its causal factors, scenarios where it is most likely to occur and other 
background information.  
Once this information has been established, the various methods used for aquaplaning assessment (including 
those used in Australia) must be identified.  
3.2 Assessment of Current Standards 
In order to assess the current standards for evaluating aquaplaning potential used in Queensland (and more 
broadly Australia), these standards and assessment methods will be compared against methods used 
internationally. It is intended that at least three other methods of assessment will be used for comparison. 
Likely standards to be used will be from places such as the United States of America, the United Kingdom and 
continental European nations.  
Once the standards to be used for comparison have been established, the key assumptions for each will be 
investigated and compared. It will be investigated whether the assumptions made by other standards are 
applicable to the Australian context. If there are differences between the assumptions made in the basis of the 
international standards and those used in Australia, the consequences of these different assumptions will be 
evaluated (i.e. more or less conservative prediction, changed scope of consideration, etc.).  
A matrix will be constructed for ease of comparison between the various methodologies. This matrix will 
include information such as assumptions, effect on potential calculation, base equations/research basis, 
advantages, disadvantages and relevance to the Australian context. From this information, it will be possible 
to determine whether improvements can be made to the Australian methodology of aquaplaning assessment 
and recommendations will be made based on this determination. 
3.3 Evaluation of Potential Solutions 
The final stage of research involves identifying potential solutions to minimise the risk of aquaplaning in flat 
terrain. A broad range of solutions will be researched and analysed. These will include short term preventive 
actions, design considerations, and geometric, surfacing and drainage solutions. After thoroughly researching 
these various solutions, they will be evaluated in terms of cost, practicality and effectiveness of the solution 
and the most appropriate scenario for each solution will be identified. 
3.4 Case-Study 
There are several steps required to be taken in order to carry out an effective case-study on the topic of 
aquaplaning assessment and risk mitigation. Initially, a location for the case study must be established. The 
location selected should be road in level terrain within Queensland and should have known aquaplaning issues 
(preferably relating to super-elevation development). Harrison Infrastructure Group (HIG) has recommended a 
section of the Toowoomba-Cecil Plains road for this case study. 
Once a site is established, the chainage range (scope) of the study should be defined. This will include various 
points of interest for aquaplaning potential. The terrain type should be identified, including catchment 
characteristics. 
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Basic survey data for the road will then be obtained (including cross-fall, longitudinal grade and lane width and 
configuration). This information should be presented in a 12D model or a series of long-section and cross-
sectional drawings. 
Using this information, the flow path lengths and average slope will be calculated at various points of interest 
using the methodology prescribed in the Road Drainage Manual. Using the Australian Rainfall and Runoff 
(ARR) manual, the intensity of a 5 minute duration, 1 year average reoccurrence interval (ARI) rain event will 
be determined and compared against the maximum rainfall intensity of 50mm/h as stated in the Road 
Drainage Manual. 
Using information from the Department of Transport and Main Roads (DTMR) or the most recent construction 
contractor, the current surfacing type will be identified. 
After this information has been gathered, it will be necessary to go to the location to conduct testing on site. 
Texture depth testing will be conducted at the key locations in order to obtain indicative results. The 
methodology used to conduct these tests will be based on the Modified Surface Texture Depth (Pestle Method 
(AG:PT/T250). 
Using this data, the predicted WFT will be calculated using the Gallaway equation as part of the Road Drainage 
Manual methodology for determining aquaplaning potential. This will be calculated using texture depths 
provided by the construction contractor, indicative values found in Austroads and those determined during 
the on-site testing.  
Any rutting present at the location will also be documented. Information about ruts including length, width, 
depth, offset from centre-line and chainage will be recorded. A straight edge will be necessary in order to 
make these measurements and a photographic record will also be kept. The road will also be observed under 
wet conditions, with rainfall intensity and duration noted. The event will be documented photographically and 
the depth and location of any ponding will be noted. Observations will be made about the drainage behaviour 
over the road surface as well as any apparent effect the event may have on driver behaviour. 
If time permits, Vericom testing will be conducted on the road in both wet and dry condition to determine the 
side friction requirements of the curve and therefore the 85th percentile speed. 
Using knowledge attained from the research and evaluation of alternative solutions used to minimise 
aquaplaning potential, recommendations will be made for current and future possible treatments to reduce 
the risk of aquaplaning in this location if it is shown to be an issue. 
3.5 Consequential Effects 
It is envisioned that this research will provide a greater understanding of the behaviour of surface drainage on 
the case study road and how this behaviour compares with the behaviour predicted using various methods of 
aquaplaning assessment. It will be determined whether this road poses significant aquaplaning risk and 
recommendations will be made for potential solutions to the issue if deemed necessary. This research project 
identifies aquaplaning as being an area of concern for the safety of the road-user on the case study road. This 
will directly influence the types of treatments done on this road in the immediate future and long term (e.g. 
future geometric design, surfacing and maintenance considerations, drainage, etc.). As a result, the safety of 
the travelling public will be benefitted as there will be a greater understanding of methods available to reduce 
aquaplaning potential among the Downs South West region of the DTMR. 
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In a broader sense, this research will help to evaluate the current methods used to determine aquaplaning 
potential by analysing the assumptions made in their derivation and comparing them with standards and 
methods used internationally. If the findings of this research prove to be consequential, it may be continued 
by others to verify the findings and could form the basis for updating the current standard for aquaplaning 
assessment. 
3.6 Resource Requirements 
The majority of this project will be research based. In order to complete this aspect of the project, there must 
be access to research facilities such as the University of Southern Queensland library, internet connection and 
contact with industry professionals. 
In addition to the theoretical aspect of this project, some physical testing will be undertaken. This testing will 
require: 
Sand Patch Testing 
 50 ml capacity 1 measuring cylinder, 
 1 hard rubber faced spreader disc 
 Pouring Pycnometer 
 300 mm rule 
 Soft Brush 
 Supply of Sand 
 1 carrying case 
Note: the sand is clean silica sand of rounded particle shape passing a 300 micron BS sieve and retained on 
a 150 micron BS sieve. 
General Observations 
 3.0m straight edge 
 GPS trip meter 
 Camera 
 Amber light 
3.7 Safety Issues 
When conducting testing or research on-site, safety should always be the primary consideration. There are 
several areas of risk involved in the case-study investigation methodology outlined above.  
The main safety issue posed by the case-study methodology is the requirement for work to be carried out on 
or adjacent to a road in order to complete the testing.   
This involves four general tasks which require risk assessment and management. These have been identified 
as: 
 Travel to destination. 
 At destination walking or driving around un-controlled worksites to undertake inspections 
 Travel home from destination. 
 Medical Emergency Treatment / Evacuation 
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The following risk assessment table was adapted from an assessment developed by Harrison Infrastructure 
Group for use on the South-West Queensland TNRP Project. It identifies hazards for each of the tasks with 
potential risk and names the consequences of each hazard. These are then given a risk score (using the risk 
assessment matrix). Control measures are nominated to reduce this risk and the score is re-evaluated.
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Table 1 – Risk Management  
 Task Hazard Consequences Risk 
Score 
Controls Control 
hierarchy 
Risk 
score 
1 
Travel to 
destination. 
Getting lost.  
Fatigued driver. 
Collision with animals 
en route. 
Running out of fuel and 
food/water supplies. 
Inadequate 
communications due to 
lack of mobile phone 
signal coverage, dead 
batteries on radios. 
Not driving to traffic, 
road and weather 
conditions. Losing 
control of vehicle when 
passing Road Trains or 
wide loads.  
Driving into low sun. 
Long term sun exposure 
through side windows of 
LV cab, magnified heat 
and peripheral glare.  
Unable to find work location and 
unable to communicate with others.  
Hitting/swerving to miss animal 
crossing path on road  
LV being out of range of 
fuel/food/water  
LV driver not driving to conditions and 
losing control of vehicle. 
Vehicle damage and injury to 
personnel due to roll-over or vehicle 
leaving the road. Oncoming vehicles 
not visible.  
Sunburn and long term risk of skin 
cancers and heat fatigue. 
High 
 Ensure mobile phone coverage. Mobiles phones are not to 
be used whilst driving.  
 Fuel tank should be replenished at all opportunities, avoid 
driving with less than ½ a tank. 
 Drive to conditions. 
 Have emergency contact details. 
 Ensure someone is aware of destination and working and 
travel times.   
 Where possible travel to destination in daylight.  
 High beam driving lights fitted for driving outside of daylight 
hours to increase vision distance for collision avoidance. 
 Only drive to speeds where it is safe to stop in the visible 
distance 
 Be aware of local fuel/food/beverage stations.  
 Use most direct route (maps, GPS). 
 Be aware of the potential for animals, close to or on roads, i.e. 
farm livestock and Kangaroos, etc.  
 Slow down at known fauna gathering areas, forests, water 
holes etc. 
 Take extra care when overtaking and passing Road Trains or 
wide loads. Look out for other moving equipment close to 
roads i.e. Tractor Slasher.  
 Reduce speed where forward visibility is reduced and where 
roads are unsealed – be aware of stopping distances.  
 Assess road conditions prior to entering dirt roads, particularly 
after rain.  
 Avoid driving at dusk and dawn when vision is impaired by 
sun.  
 Sunglasses worn to prevent glare to eyes. 
Administrative 
PPE 
Substitute 
 
 
Med 
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2 
At destination 
walking or driving 
around un-
controlled worksites 
to undertake 
inspections 
Snake bite and/or 
medical emergency.  
Insect bites.  
Airborne or water or 
mud borne infection 
through Insufficient 
specialist PPE. 
Insufficient 
food/beverage 
replenishment.  
Poor visibility to 
travelling public. 
Fatigue, dehydration, 
climatic conditions and 
protection. 
Insufficient first aid 
measures. 
Inappropriate mode of 
on-site communication 
and means of identifying 
location. 
Flood damage to roads, 
signage and parking 
areas.  
Getting hit on side of 
road by passing road 
traffic.  
LV’s uncontrolled 
movement.  
Being struck by vehicles 
Delays in medical treatment (including 
snake/spider/insect bites) can be fatal.  
Dehydration through not consuming 
enough liquid at regular intervals. 
Contamination and disease through 
not wearing appropriate PPE 
protection. Fatigue  
Poisoning, 
Heat stroke, 
Hyperthermia. 
Slips trips and falls in damaged areas.   
Team members/LV may be hit by 
passing traffic.  
LV or site plant hitting personnel and 
damage to vehicle. 
Interaction with other on-site high risk 
work related activities 
High 
 Test communication modes on arrival.  
 Ensure required PPE is worn. Do a “Take 5” to check if site 
conditions are as expected.  
 Be familiar with emergency procedures.  
 LV’s to be parked in advance of worksite on stable ground off 
the road as far as possible from road traffic and ensure 
parking brake applied.  
 Place traffic cones around LVs and place advance road 
signage (if applicable).  
 Put LV hazard lights on and amber beacon on roof when 
parking on road side.  
 Where team members will be working standing on road sides 
and bridges a spotter is required to direct and warn of traffic.  
 Do not enter flooded areas without supervision and 
appropriate PPE and rescue plan  
 Good site housekeeping and assessing site work conditions to 
avoid slips/trips and falls.  
 Work only in daylight unless unavoidable.  
 Regular water/food replenishment and fatigue breaks. Use 
disinfectant hand cleaner regularly during the day and prior to 
meals to avoid infection. 
 Take extra care when walking through long grass in case of 
snakes. 
 Do not handle Fauna under any circumstances. 
 Take mobile phone and first aid kit. 
 Take regular breaks and drink plenty of water, particularly in 
extreme heat conditions.  
Administrative 
PPE 
Substitute 
 
 
 
 
 
Amber beacon (LED 
mini light bar) 
reference MUTCD Part 
3 Work on Roads 3.12 
and 4.6.3 
Med 
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3 
Travel home from 
destination. 
As per section 1 As per section 1 
High 
 Travel details as per section 1 
 
Re-assess fatigue management. 
Administrative 
PPE 
Substitute 
Low 
4 
Medical Emergency 
Treatment / 
Evacuation 
Incident / Injury at the 
worksite. 
Incident / Injury while 
travelling. 
Permanent disability or fatality 
Extreme 
Carry appropriate First Aid Equipment. 
Remember - DRSABCD (Danger – Response Send for help– 
Airway - Breathing – Compression - Defibrillation). 
Emergency Response Plan 
Administrative 
Medium 
3.7.1 Personal Protective Equipment (PPE) 
The PPE required to be worn on site are as follows: 
 Steel Capped Boots 
 Broad Brimmed Hat 
 Safety Glasses 
 Sun Screen 
 Hi Visibility Vest 
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4 International Methods of Assessment 
In order to achieve the first objective of this dissertation, it was necessary to analyse various 
methods of aquaplaning assessment. This analysis then assisted in evaluating the appropriateness of 
the aquaplaning assessment methodology prescribed by the Queensland Road Drainage Manual. 
Methodologies used in the USA (Texas and Florida), Ireland, the UK and South Africa were analysed 
and compared as part of this process.  
4.1 Federal Highways Administration (FHWA) 
The methodology for assessing the aquaplaning potential of roads adopted by the Texas Department 
of Transport (TXDOT) is based on research conducted by Gallaway, et al., 1979.  
The following empirical equation is utilised in the assessment process.   
Equation 5 – Incipient Aquaplaning Speed (Federal Highway Administration 1993) 
𝑉𝑎 = 𝑆𝐷
0.04𝑃𝑡
0.3(𝑇𝐷 + 1)0.06𝐴𝑇 
Where AT is a coefficient derived by the Texas Transport Institute to fit the empirical curve. The value 
of AT is taken as the greater of AT1 and AT2.  
Equation 6 – Texas Transport Instute Empirical Coefficient (Federal Highway Administration 1993) 
𝐴𝑇1 =
10.409
𝑑0.06
+ 3.507 
𝐴𝑇2 = [
28.952
𝑑0.06
− 7.817] 𝑇𝑋𝐷0.14 
Where: 
Va = Vehicle Speed (mi/h) 
SD = Spin-down (%) 
Pt = Tire Pressure (psi) 
TD = Tire Tread Depth (1/32 inch) 
TXD = Surface Texture Depth (inches) 
d = Water Film Thickness (inches) 
 
This method of aquaplaning assessment involves the specification of an operating speed, tire tread 
depth, pavement texture depth, tyre pressure and spin-down percentage. Generally it is assumed 
that hydroplaning occurs when spin-down is at 10 percent; that is, the tyre rotates 1.1 revolutions to 
achieve forward movement equivalent to one circumference of the tyre. This is based on research 
conducted by Young, et al., 1986. Other assumptions generally made are that tire tread depth will be 
at the 50th percentile level (7/32 inches or 5.56mm) and tyre pressure will be 27psi (also 50th 
percentile). Design speed and texture depth must also be assumed depending on the context. From 
these assumptions it is then possible to rearrange the above equations to determine the depth of 
water film thickness at which aquaplaning is predicted to occur for a given design speed. 
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Once this depth has been established, the next step in this assessment process is to determine the 
rainfall intensity at which the critical water film thickness will occur. This is determined using a 
combination of the Rational Method and Manning’s equation. 
Equation 7 – Critical Ranifall Intensity (Federal Highway Administration 1993) 
𝑖 = [
64904.4
𝐶𝑛
] [
𝑆𝑥
(𝑆𝑥
2 + 𝑆2)
0.25] [
𝑑1.67
(𝑊𝑝 − 𝑇)
] 
Where,  i = Rainfall Intensity (in/h) 
  C = Rational method runoff coefficient 
  n = Manning’s number 
  Sx = Cross-fall 
  S = Longitudinal Grade 
  d = Design aquaplaning depth (inches) 
  Wp = Width of sheet flow 
  T = Design spread 
 
TXDOT provide two design tables to expedite calculation of this equation. Both tables make the 
assumption of Manning’s n being equal to 0.016, C equal to 0.9 and surface texture depth of 0.038 
inches. One design table is for a design speed of 55mi/h and the second is for a design speed of 
65mi/h.  
This then gives the allowable rainfall intensity for the assumptions made by the road designer. The 
average reoccurrence interval (ARI) of this rainfall intensity is then determined for a 5 minute event 
in the location of the design. It is then the designer’s responsibility to make sound engineering 
judgement to decide whether the reoccurrence interval is high enough for driver safety. 
The advantage of this method of assessment is that it allows the designer to make assumptions 
about the vehicle speed, spin-down factor, tire pressure, and tyre tread and surface texture depth. 
This affords the designer a large amount of freedom to determine the incipient aquaplaning depth 
for a specific situation. The second equation is more rigid in its application however and this is the 
method’s major disadvantage. This combined Manning’s/Rational Method equation is only 
applicable for analysis of roads with consistent cross-sections (e.g. not applicable at locations of 
superelevation development). This method also uses the Manning coefficient which is not as easily 
determined for road surfaces as texture depth is. 
4.2 Florida Department of Transport (FDOT) 
Florida’s aquaplaning assessment method puts particular emphasis on the risks associated with 
designing multi-lane roads with cross-fall in one direction. In May 2014, a road design bulletin was 
issued by FDOT updating the maximum number of travel lanes allowed with cross-fall in one 
direction as seen in figure 7.  
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Figure 7 – Maximum Acceptable Pavement Geometry, Florida (Shepard, M 2014) 
Where a proposed road is to exceed this maximum allowance, a design variation must be approved. 
Design variations approvals must also be obtained for existing roads which do not meet the current 
standards. One of the major elements required before a design variation approval can be granted is 
the results produced by the computer programme, HP. 
HP is an aquaplaning assessment application developed by FDOT using MATLAB. It is available for 
free download at the Florida Department of Transport website. This application has two main 
elements. These elements are a tool to determine the water film thickness on a road for a given 
rainfall intensity and a tool to predict the incipient aquaplaning speed for the given water film 
thickness. 
The programme utilises a number of different equations to calculate the water film thickness and 
the incipient aquaplaning speed. It is up to the engineer’s judgement to decide which equation is 
most appropriate for a given scenario. Equations used to calculate water film thickness are the 
Gallaway equation, the RRL equation, NZ modified Manning’s equation and the PAVDRN equation. 
Equations used for calculating aquaplaning speed are the PAVDRN equation, the USF equation and 
the Gallaway equation. It is recommended by the FDOT that the Gallaway equation be used for 
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estimating water film thickness and the PAVDRN equation be used for the incipient aquaplaning 
speed. 
The imperial form of the Gallaway Equation (used by HP) is shown below. 
Equation 8 - Gallaway Equation (Imperial) (Florida Department of Transport 2014) 
𝑡 =
0.003726𝐿0.519𝐼0.562𝑀𝑇𝐷0.125
𝑆0.364
− 𝑀𝑇𝐷 
Where L = Flow path length (ft.) 
 I = Rainfall Intensity (in/h) 
 MTD = Mean texture depth (in) 
 S = Flow path slope (ft./ft.) 
 t = Water film thickness (in) 
The PAVDRN Equation has two forms and both are shown below. These are used to determine the 
incipient aquaplaning speed. 
Equation 9 - PAVDRN Equation (t<0.1) (Florida Department of Transport 2014) 
𝑖𝑓 𝑡 < 0.1 
𝑣𝑝 = 26.04𝑡
−0.259 
Equation 10 - PAVDRN Equation (t>0.1) (Florida Department of Transport 2014) 
𝑖𝑓 𝑡 ≥ 0.1 
𝑣𝑝 = 3.09𝐴 
Where A is the greater of: 
[
10.409
𝑡0.06
+ 3.507]  𝑜𝑟 [
28.952
𝑡0.06
7.817] (𝑀𝑇𝐷)0.14 
Where vp = Aquaplaning speed (mph) 
 t = Water Film Thickness (inches) 
 MTD = Macro Texture Depth (mm) 
The following figure is a screen shot from the HP application. To use this programme, relevant data 
is entered into the fields provided, the desired equations are selected and the water film thickness 
and aquaplaning speed are automatically calculated. 
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Figure 8 – HP Screenshot (Florida Department of Transport 2014) 
Determination of the predicted water film thickness and aquaplaning speed is repeated using the 
programme for a range of rainfall intensities from 0.25in/h to 2in/h as listed in figure 9.  
Predicted driver speeds are also calculated for each of the intensities analysed. It is assumed that 
drivers will not alter their speed for rainfall intensities up to 6mm/h. For greater intensity rainfall, 
drivers are assumed to reduce their speed by six to twelve miles per hour. An example of the 
determination of predicted driver speeds is given in the following figure.  
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Figure 9 – FDOT Predicted Driver Speed (Florida Department of Transport 2014) 
The incipient aquaplaning speed is then compared with the predicted operating speed. If the 
predicted operating speed is greater than the incipient aquaplaning speed for any rainfall intensity, 
the road is deemed to have an unacceptable level of aquaplaning potential. A design variation will 
therefore not be issued if this is found to be the case and the section of road will be required to be 
redesigned. 
4.3 National Roads Authority (NRA) of Ireland 
In February 2014, The National Roads Authority (NRA) of Ireland released an interim advice note 
titled “Geometric Design to Improve Surface Drainage.”  
This advice note describes a near identical method of aquaplaning potential assessment to that of 
the Road Drainage Manual in Queensland. As with the Queensland method, the Gallaway equation is 
used to determine the water film thickness for a given rainfall intensity. 
Equation 11 – Gallaway Equation (NRA February 2014) 
𝐷 =
0.103 × 𝑇0.11𝐿0.43𝐼0.59
𝑆0.42
− 𝑇  
This very flexible method of assessing aquaplaning potential places many of the same requirements 
on the variables used for assessment as the Queensland method. These requirements include: 
 A texture depth check of 0.4mm 
 Flow path lengths should be no greater than 60m 
 Rainfall intensity shall be taken as 50mm/h 
 Maximum allowable water film thickness is 4.0mm 
 Slope is to be determined using the equal area method; and 
 Indicative texture depths are provided in table form. 
The only notable difference between the two methods is that the desirable maximum water film 
thickness is taken as 3.3mm as opposed to 2.5mm in the Queensland method. This affords the Irish 
method a degree of relaxation. This method of aquaplaning assessment is found to have much more 
versatile application than other methods. It considers factors such as flow path length, flow path 
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slope, texture depth, and rainfall intensity and has the flexibility to be able to be applied to any road 
geometry. 
4.4 The Highways Agency /The Scottish Office Development Department 
/The Welsh Office /The Department of the Environment for Northern 
Ireland 
Volume 4, Section 2, Part 2 of the Design Manual for Roads and Bridges, “Surface Drainage of Wide 
Carriageways” provides information about the effect of water on road surfaces and a methodology 
for assessment and design. Information in this document relevant to aquaplaning potential 
assessment and mitigation is separated into two sections. These sections are design guidelines and 
assessment. 
4.4.1 Design Guidelines 
Several guidelines are provided to ensure that aquaplaning potential is minimised during the design 
process. 
As previously mentioned within this report, texture depth and tyre tread are required to allow 
surface water to dissipate when a tyre passes over it. If the texture depth and tyre tread have 
adequate capacity to drain the water from the tyre’s path in time, aquaplaning will be avoided. In 
the UK, roads must be constructed with a minimum specified texture depth and a minimum tyre 
tread depth is mandated by law. As a result of these requirements, aquaplaning is less likely to occur 
in the UK than in places where there aren’t such requirements.  It is identified by the design manual 
that texture depth and tyre tread depth are both factors which influence the potential for 
aquaplaning and may be controlled by design standards and legislation respectively. 
In the UK a minimum cross-fall of 2.5% is required as a national standard. This is required to 
maximise drainage efficiency; including where surfaces are undulating due to rutting. A minimum 
longitudinal grade of 0.5% is also recommended to ensure adverse drainage conditions do not occur 
when superelevation is developed. Although the shortest and therefore most efficient drainage path 
occurs when the longitudinal grade is zero (assuming adequate cross-fall is provided), providing a 
longitudinal grade is generally desirable in order to assist drainage flow.  
As with the assessment methodology used in Queensland, flow path lengths and gradients are 
determined using contour plots of designed and existing pavement geometries.  
Unlike the Queensland drainage manual, the UK manual directly acknowledges that although deep 
texture depth is desirable for dissipating water film from tyre paths, deep texture depth can also 
create many changes in flow direction and increase the length of flow path. It is therefore possible 
that under heavy rain conditions, greater water film thicknesses will occur on road surfaces with 
deep texture than those with smoother surfaces. The manual states however that in most cases, 
greater drainage capacity is more critical than flow path length and greater texture depths are 
encouraged. 
4.4.2 Aquaplaning Assessment 
The UK design manual utilises several design figures as a check to verify that aquaplaning potential is 
within an acceptable range. To perform these checks for aquaplaning potential, it is necessary to 
determine the lengths and gradients of flow paths for a given road geometry. These can be 
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calculated using contour plans of the road or with the use of design figures. The following figure 
allows the flow path length to be determined for a road with four, 3.65m lanes, where the cross-fall 
and longitudinal grade are constant.   
 
Figure 10 – Flow Path Lengths (The Highways Agency 1999) 
Figure 11 allows the flow path gradient to be determined with the same information as used in 
figure 10. This is only applicable however for road sections with constant geometries. Where 
geometries are not constant, contour plans should be used in conjunction with the equal area slope 
method. This alternative is not however mentioned in the manual.  
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Figure 11 – Flow Path Gradients (The Highways Agency 1999) 
From this information, the adequacy of a design or an existing geometry is assessed in terms of 
aquaplaning potential using the following two figures. 
 
Figure 12 – Effect of Geometric Design on Drainage (The Highways Agency 1999) 
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In the above figure, combinations of carriageway cross-fall and longitudinal gradient which fall below 
the appropriate curve are likely to produce water film thicknesses greater than the acceptable limit. 
 
Figure 13 – Effect of Flow Path Length and Flow Path Gradient on Drainage (The Highways Agency 1999) 
This final design aid shows the combinations of flow path gradient and flow path length which will 
produce water film thicknesses within the acceptable range. As with the previous figure, 
combinations which fall beneath the plotted curve are likely to produce unacceptable water film 
thicknesses.  
This method of assessment is very basic and is only intended to be used as a check for aquaplaning 
potential. It is assumed that previously described road design standards and legislation will limit 
aquaplaning potential and this assessment is only used to confirm the risk is not excessive. 
4.5 South African National Roads Agency 
The most recent edition (6th) of the South African National Roads Agency Drainage Manual and 
accompanying Application Guide were released in 2013. These editions have been fully revised and 
extended from the fifth edition (published in 2007). In these documents, section 5 is the most 
relevant to aquaplaning potential assessment. This section is titled “Surface Drainage” and although 
it is not explicitly presented as a method of aquaplaning assessment, aquaplaning is referenced. 
Vehicle speed, depth of flow, road surface type, wheel load, and tyre type and pressure are cited as 
the most important factors to be considered when assessing aquaplaning risk. Wet conditions will 
reduce the safe operating speed of vehicles due to the increased potential for aquaplaning. The 
manual also acknowledges that aquaplaning is unlikely to occur at speeds less than 80km/h. 
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As with the Queensland method of assessment, the South African method identifies water film 
thickness as the primary variable for analysis. Two guiding recommendations have been made to 
ensure water film thicknesses aren’t excessive. The first of these is that a 1 in 5 year rain event 
should not produce a surface flow of greater than 6mm in depth. The second recommendation is 
that water flow paths should not be less than two percent in gradient. It is suggested that this can be 
achieved by increasing the normal cross-fall of wide roads to 2.5%. It is stated that these guidelines 
are recommendations only and that it is not always possible to apply them strictly in every case (e.g. 
at the development of superelevation).  
Although road surfacing is mentioned as a factor influencing aquaplaning potential, it is stated that 
calculations are only based on “a road surface of average roughness”. It is unclear what is exactly 
meant by this. In a similar way, tyre type and pressure and wheel loading are not considered in the 
assessment process due to the range of variation possible. 
The following figure is provided in the design manual as a tool to determine the water film thickness 
when the longitudinal gradient, cross-fall, road width, design rainfall intensity and slope of flow path 
are known. This is only applicable for roads with constant longitudinal gradient and cross-fall. For 
more complex road geometries, it is possible to use the bottom half of the figure once the flow path 
length and mean slope of flow path have been identified using another method (i.e. using contoured 
plans).  
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Figure 14 –  South African National Roads Agency Design Tool (Kruger, E 2013) 
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The design figure is based on the following two equations. 
Equation 12 – Length of Flow Path (Kruger, E 2013) 
𝑙𝑓 = 𝑊 (1 + (
𝑛2
𝑛1
)
2
)
0.5
 
Where, lf = Flow path length (m) 
 W = Width of roadway (m) 
 n1 = Road cross-fall (%) 
n2 = Longitudinal gradient (%) 
Equation 13 – Water Film Thickness (Kruger, E 2013) 
𝑑 = 4.6 × 10−2(𝑙𝑓𝐼)
0.5
(𝑆𝑓)
−0.2 
Where, d = Water film thickness (mm) 
 lf = Flow path length (m) 
 I = Design rainfall intensity (mm/h) 
Sf = Flow path gradient (%) 
The recommendations made by this drainage manual have no clear basis. The rainfall intensity 
specified (5 year ARI event) is considerably larger than that specified by any other method. This 
method could potentially use 260mm/h as the design rainfall intensity. This is not logical as research 
has shown that drivers are unlikely to drive at rainfall intensities greater than 50mm/h. The manual 
also specifies a maximum water film thickness of 6mm. This too seems to have no logical basis as 
Huebner’s research has shown that at high speeds, aquaplaning can occur at water film thicknesses 
less than 1mm.  
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4.6 Evaluation 
Assessment Methodology Comparison Matrix 
No.  Origin 
(Country/State) 
Organisation/ 
Government 
Body 
Base Equations Method Advantages Disadvantages 
1 Australia 
(Queensland) 
Department of 
Transport and 
Main Roads 
(DTMR) 
• Gallaway, et al., 1979 
• Kinematic Wave 
equation 
• Calculation of water film 
thickness using Gallaway 
equation and comparison 
with allowable depth 
• Flexible application (i.e. 
use in superelevation 
development) 
• Considers a variety of 
influencing factors 
• High variability of results 
due to texture depth 
assumptions 
2 United States 
(Texas) 
Federal Highway 
Administration 
• Gallaway, et al., 1979 
• Texas Transportation 
empirical curve 
• Young, et al., 1986 
• Manning's equation 
• Aquaplaning water film 
thickness is identified and 
the rainfall intensity 
required to cause it is 
calculated 
• Designer has greater 
control of input variables 
• Assessed in terms of an 
Average Reoccurrence 
Interval (ARI) 
• Less versatile 
application 
3 United States 
(Florida) 
Florida 
Department of 
Transport (FDOT) 
• Gallaway, et al., 1979 
• PAVDRN formula 
• If geometric requirements 
are not satisfied, HP 
assessment tool is used to 
determine aquaplaning 
potential 
• Water film thickness is 
calculated using Gallaway 
eqn. 
• Aquaplaning speed is 
calculated using PAVDRN 
formula and compared with 
predicted driver speed 
• Takes into consideration 
changes in driver behaviour 
for higher intensity rainfalls 
• Simple to use programme 
• Focus is on incipient 
aquaplaning speed rather 
than water film thickness 
• Some level of versatility 
  
• Aquaplaning risks at 
locations of 
superelevation 
development may not be 
identified by geometric 
requirement 
Benjamin Dudman 0061004990   
34 
Aquaplaning Assessment and Mitigation in Flat Terrains  
 
4 Ireland National Roads 
Authority (NRA) 
• Gallaway, et al., 1979 • Calculation of water film 
thickness using Gallaway 
equation and comparison 
with allowable depth 
• Flexible application (i.e. 
use in superelevation 
development) 
• Considers a variety of 
influencing factors 
• Achievable desired 
maximum water film 
thickness 
• High variability of results 
due to texture depth 
assumptions 
5 United Kingdom The Highways 
Agency  
• RRL Equation • Level of aquaplaning 
potential checked using a 
series of design figures 
• Effective for quickly 
checking aquaplaning 
potential is within 
acceptable limits for road 
segments with constant 
cross-sections 
• Less versatile 
application 
6 South Africa The South African 
National Roads 
Agency SOC Ltd. 
• Unknown • Water film thickness 
determined using design 
figure and compared against 
requirements 
• Simple, easy to use 
design figure 
• Less versatile 
application 
• Determination does not 
consider texture depth 
• Assumed rainfall 
intensity is very high 
(unlikely to be driving in 
such situations) 
• Basis for maximum 
allowable water film 
thickness is unclear 
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4.7 Recommendations 
From the analysis of the six chosen aquaplaning assessment methodologies, it can be seen that each 
method has its own advantages and disadvantages and some methods are better suited to specific 
applications than others. In order to improve the assessment methodology used in Queensland, the 
advantages of these other methods should be analysed and modifications of the current 
methodology should be considered.  
The Queensland Department of Transport and Main Roads adopted assessment methodology and 
that of the National Roads Authority of Ireland have the greatest level of flexibility. Because of this 
flexibility, these methods are therefore the most appropriate for use in flat terrains where the 
unique challenge of evaluating aquaplaning potential at locations of superelevation development is 
critical. However, the inherent flexibility of the Queensland method can be further improved using 
concepts utilised in various other methodologies. 
From the methodologies assessed, the Department of Transport and Main Roads (DTMR), the 
Federal Highway Administration, Florida Department of Transport (FDOT) and the National Roads 
Authority of Ireland (NRA) all utilised the Gallaway Equation in various ways and forms. This suggests 
that although Gallaway’s equation was derived in 1979, it is still appropriate for aquaplaning 
assessment and no subsequent research has superseded it.  
The methodology used in Ireland suggests a desirable maximum water film thickness of 3.3mm. This 
appears to be more achievable than the 2.5mm specified in the Queensland methodology. The basis 
for this figure should be investigated to see if it is appropriate to adopt this for use in Queensland.  
The use of the PAVDRN formula in the methodology adopted by the FDOT to determine the incipient 
aquaplaning speed for a given water film thickness is very interesting. This makes the aquaplaning 
risk more easily conceptualised. This also allows the incipient aquaplaning speed to be compared 
with the predicted driver speed; not just limiting the water film thickness to a fixed maximum depth. 
The HP programme is also very user friendly and logical. 
In order to improve the current Queensland assessment methodology, a HP style programme is 
recommended to be developed. This programme would utilise the currently used metric version of 
the Gallaway Equation to determine the water film thickness for a range of rainfall intensities up to 
50mm/h. A metric form of the PAVDRN equation would then be used to determine the incipient 
aquaplaning speed for the corresponding rainfall intensities (as in the Florida methodology). These 
speeds should then be compared with predicted driver speeds. Research would be required to 
determine the way in which Australian drivers react to various level of rainfall intensity to ensure 
predictions are accurate. 
It is envisioned that these modifications to the Queensland assessment methodology would result in 
a more accurate representation of aquaplaning risk and reduce the possibility of over-designing 
roads. It is also expected that the implementation of a HP style programme will make assessment of 
roads easier and quicker to complete.      
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5 Methods for Reducing Aquaplaning Potential 
As part of this report, various designs and techniques for the reduction of aquaplaning potential 
have been identified. Solutions or methods generally fall within five broad categories. These 
categories are short term preventive actions, design considerations, geometric solutions, surfacing 
solutions and drainage solutions. These categories overlap to some extent and methods for the 
reduction of aquaplaning potential may have elements from several categories.  
5.1 Short Term Preventive Action 
When an aquaplaning hazard is identified on an existing road, measures must be taken to ensure the 
safety of the traveling public is maximised. Short term preventive action is the most direct method 
and must be cost effective and able to be implemented quickly. This is a reactionary type of solution 
and requires follow-up treatment for a more permanent solution to the problem. Although this type 
of action may not produce the most desirable solution, sometimes it is necessary in order to reduce 
risk to the travelling public quickly while a more permanent solution is agreed upon and the logistics 
are organised. Short term preventive action should be unique for each situation and site specific 
conditions must be taken into consideration when determining appropriate action.   
5.1.1 Signage 
The use of signage is a simple and effective method of notifying the road user of potential hazards 
such as aquaplaning. The intention of this solution is to increase driver awareness and alter driver 
behaviour so that they drive to the conditions of the road. Drivers should reduce their speed in these 
locations upon seeing these hazard signs and exercise caution. This will reduce the potential for 
aquaplaning incidents.  
Two types of signage are recommended for this application; however both can be used in 
conjunction if the situation calls for it. The first type of signage is permanent signage. According to 
the Manual for Uniform Traffic Control Devices (MUTCD) Part 3, these should be erected “2D” 
metres before the beginning of the hazard (where “D” is a dimension in meters specified in table 4.2 
of the manual).  
 
Figure 15 – Value of Dimension D (DTMR, 2014) 
The MUTCD also specifies that if the hazard is of a considerable length, signs may need to be 
repeated at intervals. In the case of aquaplaning hazards, sign T3-3 (Slippery) should be installed as 
per MUTCD Part 3. 
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Figure 16 – T3-3 (Slippery) (DTMR, 2014) 
The second type of signage appropriate for use in alerting the traveling public to the potential for 
aquaplaning is the use of Variable Message Sign (VMS) boards. These should be used in accordance 
with Clause 3.16.6 of the MUTCD Part 3. A proposed text to be used on the VMS boards is “USE 
CAUTION”. Messages should be concise and easy to understand. VMS board messages should not 
duplicate the message of permanent signs and should not be used in place of them. 
5.1.2 Lateral Grooves 
Another potential short term solution which can be used when immediate action is required for the 
reduction of aquaplaning risk on an existing road is lateral grooving of the pavement. Grooving may 
be used as a corrective measure for severe localised aquaplaning problems. Longitudinal or 
transverse grooves may be cut on the running surface to increase effective texture depths. 
Transverse grooving (perpendicular to the direction of traffic) is preferred however as it produces 
better drainage results than longitudinal grooving (parallel to the direction of traffic). Longitudinal 
grooving has the potential to retard roadway run-off flow-paths which does not address the problem 
of excessive run-off depths and may exacerbate the situation. 
This method is intended to channel surface water flow from the pavement’s surface to its edge as 
directly as possible. Lateral grooving is only applicable for concrete and asphaltic surfaces. Porous 
asphalts and Open Grade Asphaltic Friction Surfaces should not be grooved either. Grooving is used 
widely in the application of airport runways where it is vital to drain surface runoff quickly and 
efficiently and has been used in this application from as early as the mid-1950s in the United States. 
As well as providing direct flow paths for runoff to drain from the road, lateral grooves enhance 
tyre/surface interfacial drainage, thus reducing the risk of aquaplaning. 
Grooves are constructed using a specialist diamond tipped rotary saw. When constructed, waste 
material must be disposed of carefully and the road surface must be cleared of debris. As this is only 
a temporary solution in the application of highway drainage, maintenance is generally not required; 
however if grooves are in use for an extended period of time before a permanent solution is 
implemented, maintenance treatments will be required. The main type of maintenance required for 
lateral grooves is the removal of rubber which will build up over time and reduce the grooves’ 
drainage capacity. Grooves may also collapse over time and require repair. 
Groove geometry recommendations vary from country to country and state to state for application 
in airport runways. Although little research has been done into the application of lateral grooving for 
use of highways, it is anticipated that similar groove geometries and spacings to those used on run-
ways will be appropriate for use in locations of particular risk of aquaplaning. Additional research is 
required into this application to verify its validity and determine the most appropriate geometries. 
According to the International Air Transport Association, grooves should be constructed to a depth 
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of 6mm and 6mm wide for asphalt at a spacing of 38mm. This effectively increases the texture depth 
from 0.65mm to 1.49mm for new material (refer table below). 
Table 2 – Groove Geometry (ICAO, 2012) 
       
Equation 14 – Grooved Macrotexture (ICAO, 2012) 
 
The above equation enables the effective grooved macro-texture of a surface to be calculated when 
the un-grooved macro-texture and grooving dimensions are known.  
5.2 Design Considerations  
It is important for aquaplaning potential to be considered at every stage of road construction from 
initial briefings and preliminary design through to construction and even maintenance. As with many 
things, aquaplaning mitigation measures are most effective and cost efficient when they are 
acknowledged and addressed early in the design/construction process. 
In locations where it is identified that road surface drainage is an issue and may result in high 
aquaplaning potential, several design principals should be employed to minimise risk or eliminate 
the hazard altogether. These principles include maximising longitudinal grade, increasing cross-fall, 
maximising superelevation rate of rotation, coordinating horizontal and vertical geometry, 
increasing texture depth and considering future treatments and road conditions. 
5.2.1 Maximising Longitudinal Grade  
In locations with flat terrain, drainage is almost completely governed by the cross-fall of the road. As 
a result, drainage rates can be low and create large water film thicknesses. As a designer it is 
important to consider this and allow adequate longitudinal grade to maximise resultant flow slopes 
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and drainage rates. This is not always possible however as the large amounts of fill material can be 
required to construct this in very flat terrains and can make costs prohibitive.  
5.2.2 Increasing Cross-fall 
Another consideration to be made by the designer is the amount of cross-fall provided. Standards 
for cross-fall are specified in the RPDM and the maximum allowable value should be adopted for 
design where aquaplaning is a potential hazard. The limiting factor for cross-fall is driver comfort and 
vehicle safety/stability, particularly for heavy vehicles (e.g. cattle trucks). Increased cross-fall 
increases flow-path slope and reduces flow-path lengths, effectively reducing the water film 
thickness for a given rainfall event. 
5.2.3 Maximising Superelevation Rate of Rotation 
As a low superelevation rate of rotation will result in large areas of near zero resultant slopes, 
rotation rates should be maximised within the limitations of the Queensland Road Design Manual. 
Generally, this means superelevation should be developed at a rate of 0.025rad/s to ensure the area 
of road with near zero slope is minimised.  
5.2.4 Co-ordinating Horizontal and Vertical Geometry 
If designers are aware of the potential for aquaplaning in their designs, it will become easier for 
them to coordinate horizontal geometry with vertical geometry. This coordination will ensure 
adverse combinations are avoided where possible (e.g. the development of superelevation on level 
graded road sections). This is not always possible; however by considering this in the earlier stages 
of the design/construct process, it is possible to eliminate some potential drainage issues before 
options become more limited and expensive.  
5.2.5 Increasing Texture Depth (Choice of Surfacing Type/Material) 
Texture depth should be maximised wherever possible in order to reduce runoff water film 
thickness. This should be considered by the design engineer when selecting an appropriate surfacing 
material. Chip seals or sprayed bitumen seals have the greatest texture depth with depths ranging 
from 0.6mm to greater than 1.5mm. The following figure shows the indicative texture depths of 
various wearing course surfaces. 
 
Figure 17 – Wearing Course Texture Depths (Spillane, 2003) 
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It can be seen that concrete and dense graded surfaces have very little texture depth and are 
therefore susceptible to poor drainage, causing aquaplaning. These surfaces should therefore be 
avoided for use where effective surface drainage is critical. Alternative surfaces should be utilised in 
these instances.  If it is not possible to use an alternate surfacing and concrete or dense graded 
asphalt is used, grooving can be utilised as previously mentioned. This method has not been tested 
thoroughly as a permanent solution however and would require detailed engineering analysis before 
implementation. 
Although adequate texture depth is vital, it should be noted that surfaces with large texture depths 
cannot be used to overcome poor geometric design. 
5.2.6 Future Considerations 
The future condition of the road must also be taken into account when designing a solution which 
will minimise aquaplaning potential. This includes the consideration of pavement defects such as 
rutting, as well as maintenance and remedial treatments including re-sealing and overlays and their 
effect on aquaplaning potential.  
Future overlay treatments will alter the geometry of a road and have the potential to increase the 
likelihood of aquaplaning. It is important that the design history of a road is fully understood before 
these subsequent treatments are designed to ensure this doesn’t occur. Re-surfacing treatments can 
also have a huge impact on the water film thickness after a design rainfall event due to the variation 
in texture depth. It must be ensured that highway designs which border on allowable aquaplaning 
assessment limits are not resurfaced in a manner which reduces pavement texture depth. The 
texture depth of emergent and maintenance treatments such as jet patching and pothole filling must 
also be considered in these instances.  
Rutted pavements can retain substantial depths of surface water runoff in the inner and outer wheel 
paths of a pavement. This increases aquaplaning potential greatly and is very hazardous to the 
travelling public. Therefore pavements must be designed to have adequate rut resistance to prevent 
this from occurring prematurely. Also, by considering the entire life cycle of the road, it is possible 
for the designer to make recommendations to the asset owners as to the frequency and type of 
maintenance treatment which should be carried out in the future. Providing the asset owner with a 
guideline for future maintenance and an outline of aspects of particular concern (especially high 
aquaplaning potential locations) will ensure that future treatments do not exacerbate the potential 
for aquaplaning and provide an understanding of the decision process regarding horizontal and 
vertical geometry, surfacing and drainage. 
5.3 Geometric Solutions 
Geometric solutions to aquaplaning are designed to reduce water film thickness on the road’s 
surface by reducing flow path lengths, increasing flow path slopes or a combination of the two. The 
following two geometric solutions are examples of innovative geometric solutions which address the 
issue of surface drainage on superelevated curves in flat terrain. 
5.3.1 Diagonal Crown 
A diagonal crown is a possible geometric solution to reduce the potential for aquaplaning on curves 
where superelevation must be developed. In this solution, the road crown is progressively shifted 
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outwards from its original position, progressively increasing the inner half of the cross-section until 
full super-elevation is attained. 
According to the Design Guide for Highways with a Positive Collection System (Transit New Zealand, 
1977), rotational development of superelevation can “result in excessive water depths for design 
rainfall” in instances where there are small path slopes (flat longitudinal grades) and long flow paths 
(steep longitudinal grades where the water tends to run along the pavement instead of drain from 
it). 
One of the major features of the diagonal crown method is that at no point in the development of 
the superelevation is there a point of zero cross-fall. As a result of this, roads on flat terrain with 
diagonal crowns are less likely to pond water than those with a rotational superelevation 
development. From an engineering perspective, increased road drainage capability will reduce the 
water film thickness over a road during and after rainfall events and reduce the potential for 
aquaplaning and therefore improve safety.  
Diagonal crown is developed over the same length as would be used to develop superelevation 
equal to cross-fall using cross-fall rotation. As a result, this produces an effective TP in the same 
location as for normal super-elevation development (Transit New Zealand, 1977).  
Roy Spillane produced a short paper in 2003 for the Queensland Department of Main Roads Planning 
and Design Symposium entitled Reducing Potential for Aquaplaning. The document warns that 
diagonal crowns had not been constructed by Main Roads at the time of publishing and had not 
been adopted for use. As with any new design it is acknowledged that diagonal crowns should be 
trialled and evaluated before widespread use and adoption into design standards. 
Spillane investigated the theoretical geometry of diagonal crowns using current Queensland design 
standards as a basis. In this investigation, rate of rotation was taken as the governing criteria to 
ensure driveability. It was acknowledge that vehicles with wider wheel bases will experience lower 
rates of rotation over a diagonal crown development than those with a narrower base as rotation 
occurs when the track width crosses the crown line.  
The following formula shows the relationship between superelevation development length and rate 
of rotation (using rotational superelevation development), design speed and cross-falls at the start 
and end of development: 
Equation 15 – Superelevation Development Length (DTMR, 2002) 
𝐿 = 0.278𝑉
𝑒2 − 𝑒1
𝑟
 
Where  L = superelevation length (m) 
  V = design speed (km/h) 
  e1, e2 = cross-falls 
  r = rate of rotation (radians/second) 
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It is specified in Chapter 11 of the RPDM that the maximum rate of rotation for vehicles (particularly 
those carrying livestock) should be taken as 0.025 radians per second. 
For diagonal crowns, the vehicle will rotate from the original cross-fall to the fully developed 
superelevation as the vehicle track crosses the crown line. This means that the length calculated in 
Equation 12 only accounts for the development length for the width of the vehicle track. The total 
length of development required per lane for the crown to cross completely to the outside of the 
pavement is given in Equation 13.  
Equation 16 – Diagonal Crown Development Length (Spillane, 2003) 
𝐿𝑙𝑎𝑛𝑒 = 𝐿 ∗
𝑊𝑖𝑑𝑡ℎ 𝑜𝑓 𝑡𝑟𝑎𝑓𝑓𝑖𝑐 𝑙𝑎𝑛𝑒
𝑊𝑖𝑑𝑡ℎ 𝑜𝑓 𝑡𝑟𝑎𝑐𝑘
 
Combining these two equations gives the following: 
Equation 17 – Diagonal Crown Development Length Combined Equation (Spillane, 2003) 
𝐿𝑙𝑎𝑛𝑒 = 0.278𝑉
𝑒2 − 𝑒1
𝑟
∗
𝑊𝑖𝑑𝑡ℎ 𝑜𝑓 𝑡𝑟𝑎𝑓𝑓𝑖𝑐 𝑙𝑎𝑛𝑒
𝑊𝑖𝑑𝑡ℎ 𝑜𝑓 𝑡𝑟𝑎𝑐𝑘
 
For Spillane’s calculations, he adopted the following track widths for vehicles: 
 Truck – 1850mm (dual tyres per axel); 
 Large car – 1580mm; 
 Small car – 1400mm. 
Using this information and the above equations, Spillane conducted two theoretical trials. Both trails 
made the assumption that the road was to have a design speed of 110km/h, an original two-way 
cross-fall of 3% in each direction, final superelevation of 3% and a lane-width of 3.5m. 
The first trial fixed the rate of rotation for a small car at 0.025radians/second. This resulted in a 
development length of 180m for a single 3.5m lane. It also produced a rate of rotation of 
0.019radians/second for a truck (with a wheel-base of 1850mm). 
The second trial was calculated using a rate of rotation of 0.025radians/second for a truck. The 
development length calculated using this assumption returned a rate of rotation for a small car (with 
a wheel-base of 14400mm) of 0.33radians/second. As a result of this assumption, the development 
length was reduced by 40m to 140m. Although the rate of rotation for the small car was in excess of 
the guidelines provided by chapter 11 of the RPDM, this was considered appropriate and a justified 
compromise in order to reduce the length of development. 
Spillane proposes that the diagonal crown meet the edge of traffic lane at the tangent point of the 
curve and continue at the same rate over the shoulder.  
A diagrammatic representation of Spillane’s second trial can be seen in Figure 18. 
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Figure 18 – Diagonal Crown Geometry (Spillane, 2003) 
It should be noted that close attention must be paid to the construction tolerances where a design 
of this nature is being constructed. If this does not happen, the design may not achieve a satisfactory 
level of drainage and could compromise ride-ability and traveller safety.  It is anticipated that a road 
geometry with a diagonal crown as described above will produce a road with similar driver 
perception to a normal superelevation development while achieving improve drainage capability 
(particularly in flat terrain). 
Although diagonal crowns are yet to be addressed in design guidelines in Queensland, many have 
been constructed on trunk roads and motorway in the United Kingdom. Department of Transport, 
Highways Agency in the UK briefly address this as a viable alternative in Volume 4, Section 2, Part 2, 
TA 80/99 Chapter 3 of the Design Manual for Roads and Bridges. In this manual, it is again noted that 
particular “care should be taken in the design, specification and construction…” of this type of 
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geometry (“…especially where the option is considered for a rigid pavement”). The manual does 
recommend that “…cross-falls should be reduced to 2% for one lane width either side of the crown 
to limit the change of angle to 4%.” This limitation was not considered in Spillane’s brief assessment 
of the alternative, however should be considered and assessed if diagonal crown lines are trialled in 
Australia.  
The dramatic reduction in flow path length can be seen in the figure below. 
 
Figure 19 – Normal Development and Diagonal Crown Flow Paths (Oakden, 1977) 
Although this method is an excellent hydraulic solution for efficient water drainage, it has many 
practical difficulties in its construction. Another downside of this design is the sudden change in 
cross-fall and its effects on vehicles. There is currently very little information or research available on 
the effects of diagonal crowns on vehicles (particularly trucks and heavy vehicles) regarding safety 
and acceptable cross-fall changes and operating speeds. 
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5.3.2 Staggered Roll-over 
Another potential geometric solution to reduce aquaplaning potential on curves which require 
superelevation development is the use of staggered roll-overs (also known as longitudinal crowns). 
In this particular solution, two or more crown lines are used to develop superelevation in a 
staggered manner. The theory behind this solution is that it reduces the width of pavement with a 
near zero flow slope at any one location. As a result of this, ponding can be reduced for multi-lane 
pavements compared to normal superelevation development. 
Although there are still difficulties associated with the construction of staggered roll-over 
superelevation development, it is simpler to lay than a diagonal crown (Oakden, 1977). 
The major drawback of this method is the additional development length required for full 
superelevation as a result of its staggered nature (Oakden, 1977). This method has been more 
widely used in Australia and internationally than the diagonal crown method and is generally the 
favoured of the two. Individual circumstances will however determine the most appropriate 
alternative. It is important to reassess the theoretical flow depth for a staggered roll-over 
development with the design rainfall event as although this method is likely to produce reduced 
water film thicknesses, it is possible that these depths will not be within the acceptable limits.   
Design guidelines in the United Kingdom have noted that this method of aquaplaning mitigation has 
the benefit of limiting traffic disruption as works can be conducted lane by lane. It is then stated 
however, that the complexity of construction will generally make their use “…undesirable unless all 
other options have been rejected.” 
Spillane explains that this method of treatment can be used for each individual lane however in 
general “two lanes at a time will suffice”. In general, crown lines should not be introduced within 
traffic lanes and should be kept at their edges. Where a staggered roll-over is being considered, it 
must be ensured that the length is great enough for the water to drain to the edge of the pavement 
and not flow back across the lanes and further exacerbate the situation.  Spillane cautions that exact 
design tolerances should be avoided as future overlays and re-seals could alter the nature of road’s 
surface drainage and cause adverse effects.  
The following two diagrams illustrates how the flow path length can be reduced using this method.  
 
Figure 20 – Staggered Superelevation Flow Paths (Spillane 2003) 
Benjamin Dudman 0061004990   
46 
Aquaplaning Assessment and Mitigation in Flat Terrains  
 
 
Figure 21 – Longitudinal Crown Flow Paths (Oakden, 1977) 
5.4 Surfacing Solutions 
Surfacing solutions involve the innovative use of various road surfaces in order to minimise water 
film thickness of road surface runoff. Solutions generally involve increased texture depths or 
increasing the permeability of the pavement. As texture depth has already been covered in the 
design considerations section of this report, only solutions regarding permeability of road pavement 
will be covered in this section. 
5.4.1 Permeable Pavement 
Permeable pavements are pavements which allow surface runoff to filter through them via voids in 
the material and be stored temporarily in a reservoir. There are several types of permeable 
pavements. The main types which will be considered in this report are porous asphalts and pervious 
concrete. 
Permeable pavements are constructed in a similar manner to that of conventional asphalts and 
concrete pavements. Generally a sub-surface reservoir retains water which is drained through the 
pavement and is gradually evaporated and percolated throughout the surrounding soil. Porous 
asphalt has no fine aggregate in its mixture which creates voids in its structure and produces a 
permeable material.  
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The use of permeable pavements allows for a reduction in the amount of surface runoff at a 
particular site. The selection of a particular type of permeable pavement is dependent upon many 
site specific factors and the pavement’s intended future use. As well as runoff reduction, permeable 
pavements serve the purpose of nutrient removal; however this will not be covered in this report. 
Permeable pavement is widely used in parking lot surfaces and use on low speed suburban roads is 
increasing. Use of permeable asphalt on highways has very little precedence, however is an area of 
future research which may prove very cost efficient (in the elimination of expensive drainage 
systems) and an effective solution in the mitigation of aquaplaning potential.  
Another potential application of permeable pavements could be the construction of porous 
shoulders on highways. This application would reduce the flow path length of surface runoff. This 
could be particularly useful where superelevation development is proving problematic for water film 
thickness and water is flowing back over the pavement, creating an extended flow path.  
5.4.2 Permeable Asphalt Friction Courses 
Open Graded Friction Courses (OGFC) are permeable asphalt friction courses. This type of pavement 
surfacing is used predominantly on highways and unlike full depth permeable asphalt, does not drain 
surface runoff to the base of the pavement; however it removes runoff from the surface and allows 
it to drain to the edge of the pavement. As a result of this, the resultant water film thickness can be 
greatly reduced. 
Figure 22 - Drainage for Surface Infiltration (Department of Transport and Main Roads 2013) 
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This type of asphaltic base and wearing course is used in conjunction with an impermeable 
subgrade. Two main configurations are generally adopted as can be seen in figure 22.The first of 
which utilises subsoil drains at the edges of the pavement. Here, the captured water can flow quickly 
through the drains and be integrated with the larger roadside drainage system. The second method 
simply allows the captured water to flow through the permeable asphalt to the edge of the 
pavement where it is day-lighted and can be discharged into table drains.  
The use of permeable pavement and permeable friction courses are unique solutions to the issue of 
aquaplaning as instead of focussing on how run-off water flows, it proactively reduces the quantity 
of run-off produced by a given rain event.  
5.5 Drainage Solutions 
Chapter 11 of the Road Drainage Manual states that drainage solutions to aquaplaning “should be 
only considered as a ‘last resort’ option.” The following section briefly discusses two potential 
drainage solutions used to minimise aquaplaning potential. 
5.5.1 Road Edge Drainage 
Road edge drainage is a vital and extremely detailed aspect of road design. It is acknowledged that 
road edge drainage is important for the minimisation of water film thickness and thus reducing 
aquaplaning potential on roads. However, as the topic of aquaplaning mitigation and assessment is 
so broad, it is not considered part of the scope of this report and therefore will not be covered in any 
more detail.   
5.5.2 Grated Trench Drains 
Companies such as ACO in Australia and the United States of America and MEA in the United 
Kingdom produce a wide variety of grated trench drains made of monolithic polymer concrete for 
use in highway application.  These products can either be utilised longitudinally in a central 
reservation or transversely across the carriageway. As longitudinal use of this product can be 
classified under the topic of road edge drainage, only the transverse application of polymer concrete 
grated trench drains will be discussed.  
Grated trench drains are modular in design and are generally available in lengths of approximately 
1.2m. This allows them to be installed simply and with minimal disruption to the travelling public. 
This ease of construction also reduces the costs associated with construction and traffic control. 
Grates are constructed of monolithic polymer concrete and therefore have no moving parts or 
connections and do not suffer from vibratory problems caused by continuous traffic. 
Laying these grates transversely across a carriageway will reduce water film thickness greatly in 
locations where drainage lengths are excessive. Trench drains installed in this manner allow surface 
water flow to be intercepted and quickly drained to the road’s edge, beneath the road surface. 
These drains should be positioned strategically in order to halve flow path lengths. Multiple trenches 
may be required to reduce the flow path length even further or to intercept multiple critical flow 
paths. 
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Figure 23 - HighwayDrain (ACO USA, http://www.ktc.uky.edu/kytc/kypel/downloadAttachment.php?fileIndex=953) 
This method of drainage of surface run-off is very effective as it intercepts flow paths before water 
films can reach a thickness which may result in aquaplaning.  
This type of trench drain is widely used on highways when installed longitudinally; however very 
little testing of its transverse application on high speed roads has been conducted. There is concern 
about the safety of this type of application of trench drains as it has not yet been thoroughly tested. 
It is also necessary to confirm the durability and strength of these products for this application. 
Further research and testing of transverse trench grates is required before widespread 
implementation is possible, however in theory it does present as an effective solution.    
5.6 Solution Evaluation 
It can be seen that although a range of possible solutions have been developed to reduce the 
potential for aquaplaning in flat terrains, many of these solutions are expensive and ineffective 
means of overcoming poor design and inadequate consideration of the hazard of aquaplaning in the 
design process.  
Often aquaplaning hazards are only identified once a road has been constructed or surfacing and 
pavement have deteriorated. When this occurs it is necessary to implement short term preventive 
actions such as signage or lateral grooving. These measures are purely reactionary and must be 
replaced with more permanent solutions. These solutions are not desirable but are often necessary 
to ensure driver safety in the interim. 
Geometric solutions such as staggered roll-overs and diagonal crowns have been shown to be 
expensive, difficult to construct and have not been verified as safe alternatives in reducing 
aquaplaning potential. It is worthwhile developing these solutions however as they directly address 
the drainage issues associated with superelevation development. In their current form however, 
these designs are only to be used as a last resort. 
Surfacing solutions may provide an effective means of reducing aquaplaning potential. By increasing 
the permeability of pavement materials, the run-off volume produced by a rain event can be greatly 
reduced. Although completely permeable pavements are yet to be utilised in highway applications, it 
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appears to be a neat solution to the issue of aquaplaning potential. Permeable friction courses have 
had some implementation on highways and have been found to reduce run-off volumes effectively. 
The materials required and construction costs associated with these solutions may  however prove 
prohibitive to their application in rural and low volume roads. When constructing pavements with 
permeable materials it is important to ensure geometries are optimised for drainage and that the 
porous nature of the road is not relied on as the complete solution to the problem  of aquaplaning.  
Drainage is vital in reducing the potential for aquaplaning but should not be relied upon solely. 
These options will often not address the issue as a whole and will only be  a partial solution. 
Transverse trench grates have merit as a drainage solution to aquaplaning potential but have very 
limited testing in this application. 
The most effective solution to reducing aquaplaning potential however is the careful consideration 
of aquaplaning throughout the design process. Road designers must use sound engineering 
principals and judgement to ensure effective drainage of the road’s surface is achieved in order to 
reduce aquaplaning potential. Consideration of the risk of aquaplaning throughout the design 
process will also minimise the costs associated with risk mitigation. Design principals such as 
maximising longitudinal grade, increasing cross-fall, maximising superelevation rate of rotation, 
coordinating horizontal and vertical geometry, increasing texture depth and considering future 
treatments and road conditions may be used in conjunction with other solutions and may even 
negate the requirement for additional treatments.  
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6 Case Study (Toowoomba –Cecil Plains Rd Ch. 14695-19460) 
As part of this report into aquaplaning assessment and mitigation in flat terrains, a case study has 
been conducted on a segment of the Toowoomba-Cecil Plains road. The purpose of this case study is 
to illustrate how aquaplaning assessment works in practice, determine the potential for aquaplaning 
in the selected location and propose potential solutions to reduce the risk of aquaplaning to the 
travelling public on this road. 
6.1 Location 
Toowoomba-Cecil Plains Road is a sealed, two-lane, single-carriageway sub-arterial. It is located in 
the Darling Downs Region of Southern Queensland and connects the city of Toowoomba with 
surrounding areas to the West including Wellcamp, Biddeston, Brookstead and Cecil Plains. This road 
is state controlled (Department of Transport and Main Roads (DTMR) reference number 324) and 
has been selected as the location for this case study into aquaplaning assessment and mitigation. 
 
Figure 24 - Darling Downs Regional Map (Department of Transport and Main Roads 2013) 
6.2 Background 
As part of the Transport Network Reconstruction Program (TNRP) contract STHD-1464 
(265/324/650), various locations between Ch. 14695 and 25610 on the Toowoomba-Cecil Plains 
Road were rehabilitated, starting in late September 2013. 
In early 2014, Highland Infrastructure Group (HIG) was briefed to develop a geometric design to the 
width of the existing shoulder (i.e. no widening) for sections of the road between Ch. 14860 and 
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19880. This design was to accommodate a nominal 200mm overlay; with geometry to match the 
existing road formation as closely as possible. The design speed for this road was 110km/h (100km/h 
posted speed). No alterations were to be made to the existing superelevation and its development. 
Aquaplaning was not considered in the original brief and it is likely that aquaplaning was never 
considered in the design of the existing pavement. 
The rehabilitation treatment designed for these sections consisted of pulverisation of the existing 
pavement, full width overlay of stabilised granular material and a bitumen seal.  Pre-mixed, 
stabilised cement modified road-base (Type 2, Subtype 2.1, target UCS 1.5 +/-0.5 MPa) was placed at 
a nominal depth of 200mm over the existing pavement material  which had been pulverised 
(recycled) to a depth of 250mm. The road was then subsequently sealed full width using a geotextile 
(130/140 g/m2) followed by a double/double bitumen seal. The double/double seal used C170 
bitumen and 14mm aggregate followed by a 7mm aggregate (see Appendix A). 
The design was constructed by the Principal contractor, Shamrock Civil with Fulton Hogan 
completing the fabric seal. Practical completion was achieved on the 7th of May 2014. Post 
construction, the client requested aquaplaning calculations to be completed. 
6.2.1 Geometry 
The following table provides some basic information about the geometry of superelevated curves 
associated with the rehabilitation.  
Table 3 – Horizontal Geometry and Superelevation 
Curve Geometry 
Curve 
No. 
TC (Ch.) 
Approach 
Bearing 
CT (Ch.) 
Departure 
Bearing 
Radius (m) 
Maximum 
Superelevation 
1 14990.693 262º 08' 59" 15203.924 244º 41' 48" 700 4.00% 
2 16482.640 277º 39' 10" 16822.469 256º 01' 06" 900 3.00% 
3 16911.549 256º 01' 06" 17138.944 269º 02' 50" 1000 3.00% 
4 17263.067 269º 02' 50" 17339.243 262º 19' 57" 650 4.00% 
5 19118.695 256º 43' 12" 19433.803 226º 37' 46" 600 4.00% 
The location of each curve can be seen in the plan views included in Appendix B. 
Despite the fact that the horizontal geometry and superelevation development duplicate that of the 
existing pavement (as requested by the principal), all cross-fall rates of rotation are less than the 
maximum allowable rate of 0.025radians/s as seen in the following two tables.
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Table 4 – Curve Approach Rate of Rotation 
Curve 
No. 
Curve Approach 
Approach 
two-way 
cross-fall 
(e1) 
Superelevation 
(e2) 
Development 
Start Ch. 
(Outside Lane) 
Development 
End Ch. 
(Outside Lane) 
Development 
Length (m) 
(Outside Lane) 
(Le) 
Rate of Rotation 
(Outside Lane) 
(radians/s) (r)  
Location of 
zero cross-
fall (Ch.) 
1 -3.00% 4.00% 14909.000 15024.000 115.000 0.0186 14958.286 
2 -1.32% 3.00% 16350.000 16444.000 94.000 0.0140 16378.701 
3 -3.00% 3.00% 16802.000 16932.000 130.000 0.0141 16867.000 
4 -3.00% 4.00% 17136.000 17266.000 130.000 0.0165 17191.714 
5 -3.00% 4.00% 19050.000 19138.000 88.000 0.0243 19087.714 
Table 5 – Curve Departure Rate of Rotation 
Curve 
No. 
Curve Departure 
Departure 
two-way 
cross-fall 
(e1) 
Superelevation 
(e2) 
Development 
Start Ch. 
(Outside Lane) 
Development 
End Ch. 
(Outside Lane) 
Development 
Length (m) 
(Outside Lane) 
(Le) 
Rate of Rotation 
(Outside Lane) 
(radians/s) (r)  
Location of 
zero cross-
fall (Ch.) 
1 -3.00% 4.00% 15171.000 15285.000 114.00 0.0188 15236.143 
2 -3.00% 3.00% 16802.000 16932.000 130.000 0.0141 16867.000 
3 -3.00% 4.00% 17136.000 17266.000 130.000 0.0165 17191.714 
4 -3.00% 4.00% 17306.000 17420.000 114.00 0.0188 17371.143 
5 -3.00% 4.00% 19407.000 19496.000 89.00 0.0241 19457.857 
Equation 18 – Rate of cross-fall rotation equation (Department of Transport and Main Roads 2002)  
𝑟 = 0.278𝑉
𝑒2 − 𝑒1
𝐿𝑒
 
(Where V=110km/h)
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6.3 Problem 
As the terrain on the Toowoomba-Cecil Plains Road is quite flat, the rotational superelevation 
development of several of the road’s curves created extended flow path lengths with reduced slope. 
Analysis of these curves and their flow paths for aquaplaning potential was therefore necessary. 
Eleven locations were identified for assessment. These were at: 
 Ch. 14965; 
 Ch. 15245; 
 Ch. 15670; 
 Ch. 16070; 
 Ch. 16320; 
 Ch. 16400; 
 Ch. 16865; 
 Ch. 17200; 
 Ch. 17370; 
 Ch. 19085 and 
 Ch. 19460. 
(See Appendix B) 
6.4 Aquaplaning Assessment 
Calculations were processed using the assessment method specified in Chapter 11 of the Road 
Drainage Manual. These calculations were undertaken in the following sequence: 
 Calculations on the new design geometry (provided by HIG) using 1.5mm texture depth  
 Calculations on As Constructed geometry using 0.6mm texture depth (that expected on a 
“worn” 7mm geo-fabric seal)  
 Calculations on As Constructed geometry (Final Surface Level) using 1.5mm texture depth  
6.4.1 Flow Paths 
The critical flow path lengths and slopes used for analysis at each of the eleven locations are 
provided in the following table. 
Table 6 - Critical Flow Paths 
Chainage 
Design Geometry As-Constructed Geometry 
Flow Path 
Length (m) 
Equal Area 
Slope (%) 
Flow Path 
Length (m) 
Equal Area 
Slope (%) 
14965 17.36 1.23% 17.36 1.30% 
15245 21.53 0.89% 21.53 0.89% 
15670 10.88 0.40% 10.88 0.39% 
16070 15.48 0.62% 15.48 0.61% 
16320 9.69 0.29% 9.69 0.33% 
16400 25.5 1.45% 25.5 1.45% 
16865 44.41 1.80% 44.41 1.84% 
17200 40.75 0.99% 35.5 0.86% 
17370 7.63 0.23% 7.5 0.19% 
19085 22.39 0.83% 22.39 0.87% 
19460 27.39 2.04% 27.93 1.98% 
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The results of the aquaplaning potential calculations are summarised in the following tables: 
Design Geometry 
Table 7 - Design Geometry 
Chainage LHS/RHS 
Maximum Water Film Thickness 
T=1.5mm 
(10mm Sprayed Seal) 
T=0.6mm  
(Worn 7mm Sprayed Seal) 
T=0.4mm 
(Check) 
14965 RHS 1.89 2.47 2.53 
15245 RHS 2.75 3.25 3.28 
15670 LHS 2.93 3.41 3.43 
16070 LHS 2.79 3.28 3.31 
16320 LHS 3.35 3.79 3.80 
16400 RHS 2.22 2.77 2.82 
16865 LHS & RHS 2.82 3.30 3.33 
17200 LHS & RHS 3.86 4.25 4.24 
17370 LHS 3.31 3.75 3.76 
19085 LHS 2.96 3.43 3.45 
19460 LHS 1.83 2.41 2.48 
From the aquaplaning assessment using design geometry and a texture depth of 1.5mm, it was 
found that all locations being analysed returned water film thicknesses of less than 4.0mm (absolute 
maximum allowable film depth). Eight of the eleven locations however were greater than 2.5mm. 
This indicates that partial aquaplaning may occur at these locations according to the Road Drainage 
Manual. For a texture depth of 0.6mm and the 0.4mm texture depth check, one location (Ch. 17200) 
failed the absolute film depth criterion. For this same analysis all but one were in excess of the 
desired maximum depth of 2.5mm for the check and only two locations had water film thicknesses 
less than 2.5mm with the 7mm sprayed seal analysis. This suggests that texture depth is critical for 
safety at the locations where 2.5mm is exceeded and adequate texture depths must be maintained 
in future maintenance treatments. 
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Figure 25 - Design Geometry Water Film Thickness (Dudman, B 2014) 
6.4.2 As-Constructed Geometry 
Table 8 – As Constructed Geometry 
Chainage LHS/RHS 
Maximum Water Film Thickness 
T=1.5mm 
(10mm Sprayed Seal) 
T=0.6mm 
(Worn 7mm Sprayed Seal) 
T=0.4mm 
(Check) 
14965 RHS 1.81 2.39 2.46 
15245 RHS 2.75 3.24 3.28 
15670 LHS 2.98 3.45 3.48 
16070 LHS 2.83 3.31 3.34 
16320 LHS 3.10 3.56 3.58 
16400 RHS 2.23 2.77 2.82 
16865 LHS & RHS 2.78 3.27 3.30 
17200 LHS & RHS 3.86 4.25 4.24 
17370 LHS 3.69 4.09 4.09 
19085 LHS 2.86 3.35 3.37 
19460 LHS 1.87 2.45 2.52 
When assessing the as-constructed geometry, Ch. 17200 and Ch. 17370 both failed the assessment 
criteria provided in the drainage manual for aquaplaning assessment using a texture depth of 0.6mm 
(worn 7mm sprayed bitumen seal). However, both of these locations satisfy the criteria along with 
all other locations when a texture depth of 1.5mm (10mm sprayed bitumen seal) was used for 
14965 15245 15670 16070 16320 16400 16865 17200 17370 19085 19460
10mm Sprayed Seal 1.89 2.75 2.93 2.79 3.35 2.22 2.82 3.86 3.31 2.96 1.83
7mm Sprayed Seal 2.47 3.25 3.41 3.28 3.79 2.77 3.3 4.25 3.75 3.43 2.41
T=0.4m check 2.53 3.28 3.43 3.31 3.8 2.82 3.33 4.24 3.76 3.45 2.48
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assessment. It can also be seen that all locations of concern would pass the assessment criteria with 
a texture depth as low as 1.3mm.   
See Appendix C for full calculations. 
 
Figure 26 - As-Constructed Geometry Water Film Thickness (Dudman, B 2014) 
6.5 Investigation 
Investigations into effects of the remedial treatment on aquaplaning were conducted for the 
purpose of this case study. Observations have been made regarding various factors which effect 
aquaplaning potential. Several site visits were made to the site to conduct this investigation. Site 
visits included taking observations of the terrain, geometry, seal type and condition of the road and 
its location, observing the road during a medium intensity rain event and conducting sand patch 
testing. 
6.5.1 Texture Depth 
As it can be seen from the results of the aquaplaning analysis, the assumed texture depth for this 
section of road determines whether it passes aquaplaning assessment criteria or not (particularly at 
chainages 17200 and 17370). It is therefore necessary to determine what an appropriate texture 
depth to adopt is for calculation purposes.   
Fulton Hogan conducted two sand patch tests for Shamrock Civil on 17th April 2014. No chainages 
were provided on the report and the depths calculated (2.78 & 2.88mm) appeared to be more than 
expected. This may be due to aggregate/seal being new. 50cm3 of sand was used for the tests and 
the diameter of the spread sand was measured in four directions for each test to determine the 
mean. 
Equation 19 – Sand Patch Texture Depth Calculation (Austroads 2006) 
𝑉 =
𝜋𝐷2
4
𝑇 
The results are shown in the table below. 
14965 15245 15670 16070 16320 16400 16865 17200 17370 19085 19460
10mm Sprayed Seal 1.81 2.75 2.98 2.83 3.1 2.23 2.78 3.86 3.69 2.86 1.87
7mm Sprayed Seal 2.39 3.24 3.45 3.31 3.56 2.77 3.27 4.25 4.09 3.35 2.45
T=0.4m check 2.46 3.28 3.48 3.34 3.58 2.82 3.3 4.24 4.09 3.37 2.52
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Table 9 - Fulton Hogan Sand Patch Testing 
Location 
No. 
Diameter (mm) Mean Diameter, 
D (mm) 
Surface Texture 
(mm) 
H1 H2 H3 H4 (H1+H2+H3+H4)/4 (4xV*x1000/πD2) 
1 160 150 145 150 151.25 2.78 
2 150 150 155 140 148.75 2.88 
*V=50cm3 
Concerns were raised about the accuracy of these tests and whether using two test results was 
representative. Both texture depths calculated were higher than expected for the type of seal done 
on this section of road (7mm fabric seal). A typical Average Least Dimension (ALD) for a 7mm 
aggregate is 4mm. If embedment is assumed to be 80%, this produces a texture depth of 0.8mm. 
Table 4.1 of the Austroads drainage manual gives a texture depth range of between 0.6mm and 
1.0mm for 7mm sprayed seals. 
Should the texture depths determined by Fulton Hogan be applied, all points would pass 
aquaplaning assessment criteria  with a large margin. However, as these depths were higher than 
expected, further testing was required as part of this case study to determine the actual effective 
texture depth.   
6.5.2 Sand Patch Testing 
Sand patch tests were carried out on the 26th of August 2014 as per the Modified Surface Texture 
Depth (Pestle Method). For safety reasons, only locations with adequate site distance were tested. 
Tests were carried out with the aid of a spotter. The locations tested were: 
 Ch. 14965 (RHS) 
 Ch. 15245 (RHS) 
 Ch. 15670 (LHS) 
 Ch. 19085 (LHS) 
 Ch. 19085 (RHS) 
These locations were chosen as they were previously identified by the Harrison Infrastructure Group 
as locations of interest for aquaplaning assessment. 
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Figure 27 - Sand Patch Test (Dudman, B 2014) 
Testing involved: 
 Filling and levelling the test cylinder with fine grain sand 
 Pouring the sand onto the test location 
 Spreading it in a circular manner with the base of the test cylinder and; 
 Measuring and recording its diameter at five points. 
This process was repeated three times at each location of interest. Each location was tested at the 
lane centre, outer wheel path and inner wheel path of the specified lane. The results of this testing 
can be seen in table 10 and graphically in figure 28.
Benjamin Dudman 0061004990   
60 
Aquaplaning Assessment and Mitigation in Flat Terrains  
 
Table 10 - Sand Patch Test Data 
Location 
Volume 
(cm3) 
Diameter (mm) Mean 
Diameter 
(mm) 
Texture 
Depth 
(mm) 
No. Ch. Position H1 H2 H3 H4 H5 
1 14965 RHS (Lane Centre) 50.2 184 171 181 173 183 178.4 2.0 
2 14965 RHS (OWP) 50.2 200 185 190 186 185 189.2 1.8 
3 14965 RHS (IWP) 50.2 160 157 145 150 147 151.8 2.8 
4 15245 RHS (Lane Centre) 50.2 173 160 160 167 156 163.2 2.4 
5 15245 RHS (OWP) 50.2 200 167 175 190 154 177.2 2.0 
6 15245 RHS (IWP) 50.2 195 190 170 167 176 179.6 2.0 
7 15670 LHS (Lane Centre) 50.2 168 155 144 155 152 154.8 2.7 
8 15670 LHS (OWP) 50.2 174 169 170 164 180 171.4 2.2 
9 15670 LHS (IWP) 50.2 180 169 170 165 165 169.8 2.2 
10 16070 LHS (Lane Centre) 50.2 155 169 147 148 160 155.8 2.6 
11 16070 LHS (OWP) 50.2 166 173 165 165 165 166.8 2.3 
12 16070 LHS (IWP) 50.2 170 170 153 165 156 162.8 2.4 
13 19085 LHS (Lane Centre) 50.2 170 145 150 145 160 154 2.7 
14 19085 LHS (OWP) 50.2 167 153 150 150 149 153.8 2.7 
15 19085 LHS (IWP) 50.2 150 140 145 150 145 146 3.0 
16 19085 RHS (Lane Centre) 50.2 154 141 150 151 149 149 2.9 
17 19085 RHS (OWP) 50.2 150 195 170 159 180 170.8 2.2 
18 19085 RHS (IWP) 50.2 160 172 159 161 160 162.4 2.4 
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Figure 28 – Sand Patch Test Results (Dudman, B 2014) 
Although the sand patch testing results returned texture depths of between 1.8mm and 3mm, it is 
not advisable to use excessively large values in the determination of aquaplaning potential using the 
Gallaway equation. The Road Drainage Design Manual indicates that texture depth of sprayed seals 
large than 10mm should be greater than 1.5mm. The use of excessively large texture depths has the 
potential of underestimating the risk of aquaplaning at a location as the Gallaway equation is 
empiric and only valid within certain input ranges. The test results obtained are quite high and this 
could be due to several reasons including the use of an inexperienced tester and the fact that the 
seal is still relatively new. As it is unknown where Fulton Hogan’s tests were conducted, their results 
are compared with the average texture depth from all of the locations assessed. Fulton Hogan’s 
results of 2.8mm and 2.9mm are within the rage of test data collected; however it is significantly 
higher than the average texture depth of 2.4mm. To avoid underestimation of aquaplaning potential 
and take into consideration the deterioration of the wearing surface, it has been concluded that 
aquaplaning assessment with the assumption of 1.5mm texture depth is appropriate and 
conservative.   
6.5.3 Seal Characteristics 
Upon inspection, it was noted that stripping of the seal had occurred at several locations at the 
centreline. This stripping had exposed the geo-fabric used underneath. It was also noted that texture 
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depth varied at different locations on the road (i.e. outer wheel path, inner wheel path and lane 
centre). 
6.5.4 Skid Resistance 
Skid resistance testing was not conduct on the Toowoomba-Cecil Plains Road as this was not thought 
to be directly relevant to aquaplaning potential in the strictest sense. To obtain a broader 
understanding of the road condition as a whole, skid resistance testing should be conducted in the 
future. This will give an appreciation of the road’s micro texture and its level of deterioration. This 
information will be of most use at locations where there are high levels of friction required; for 
example, at any of the superelevated curves. 
6.5.5 Rutting 
Quite severe rutting was present at multiple locations along the Toowoomba-Cecil Plains Road. 
Rutting was most frequently observed at the centreline of the two lane road. This suggests 
pavement failure which could be due to a number of factors including inadequate compaction, 
unsuitable sub-grade or low strength base material. 
 
Figure 29 - Centre Line Rutting (Ch. 16400) (Dudman, B 2014) 
Centre line rutting changes the nature of surface drainage dramatically and prevents water from 
draining along the flow path determined by the designed geometry. Instead, water is backed up at 
the centreline, causing deeper water film thicknesses than designed for. When observing the 
Toowoomba-Cecil Plains Road during a medium rain event, it was noted that considerable water film 
thickness was accumulating at Ch. 19085 on the right hand lane in the direction of chainage (left 
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hand lane in photo below). Due to superelevation development at this location it was previously 
identified as a location of aquaplaning concern; however the left hand side had been identified as 
the critical point. Upon closer inspection, it was found that a large longitudinal rut was present at 
the centreline. This had prevented water from flowing from the right to the left of the road and 
instead exacerbated the problem by ponding surface runoff on the right hand lane. 
 
Figure 30 - Water Ponding, Toowoomba-Cecil Plains Road (Ch. 19085) (Dudman, B 2014) 
6.6 Conclusions & Recommendations 
From this case study between Ch. 14695 and 25610 on the Toowoomba-Cecil Plains Road, several 
conclusions can be made.  
As testing has shown the average texture depth of this road to be 2.4mm, it has been decided that 
analysis of the constructed geometry with a texture depth of 1.5mm is conservative as well as 
appropriate. With this analysis, eight of the eleven locations investigated produced water film 
thicknesses greater than the desirable 2.5mm. However, no locations produced water film 
thicknesses greater than the absolute maximum of 4.0mm.  
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Table 11 - Moderate Aquaplaning Potential Locations 
Chainage 
(m) 
Predicted Water Film 
Thickness (mm) 
15245 2.75 
15670 2.98 
16070 2.83 
16320 3.10 
16865 2.78 
17200 3.86 
17370 3.69 
19085 2.86 
It can be seen that the constructed geometry is less than desirable for run-off drainage as it allows 
water to flow back across the pavement in several locations where superelevation is developed. As 
the geometry was adopted from the existing road, the same drainage issues would have been 
present previously.   
It is recommended that the road be monitored for drainage behaviour and the water film thickness 
of various intensity rain events be monitored at the following locations: 
 Ch. 15245 
 Ch. 15670 
 Ch. 16070 
 Ch. 16320 
 Ch. 16865 
 Ch. 17200 
 Ch. 17370 
 Ch. 19085 
Monitoring should also consider the impact centreline rutting has on drainage of this section of road. 
Rutting has been observed at several locations and is assumed to be caused by a construction 
failure. If further monitoring shows that this rutting is increasing water flow depths considerably, 
further action will be required urgently. 
Texture depth by its nature will deteriorate over time and increase aquaplaning potential. The 
texture depth at the previously mentioned locations should be measured at regular time intervals to 
ensure they are adequate. This is particularly important at chainages 17200 and 17370 as these 
locations produced water film thicknesses of 4.24mm and 4.09mm respectively, given a check 
texture depth of 0.4mm. 
In addition to monitoring, permanent signs T3-3 (Slippery) should be installed at a distance of 200m 
prior to the identified hazard locations as per MUTCD Part 3. This will alert drivers to the potential 
aquaplaning hazard and allow them to alter their driving to better suit the conditions. 
The Road Maintenance Performance Contractor (RMPC) should also be officially notified of the 
potential hazard to ensure maintenance treatments do not exacerbate the situation. These 
contractors are also familiar with the road and will be able to provide feedback about the current 
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state of the road, crash history and the possible impact of aquaplaning and the urgency of providing 
more permanent solutions. 
It is also recommended that this road be vertically re-aligned with future overlay treatments. The 
urgency of this long term solution will be determined through the monitoring process. Design for the 
re-alignment should consider incorporating larger longitudinal grades (if cut and fill costs aren’t 
prohibitive), increasing rate of superelevation rotation to the allowable 0.025 radians per second 
and overall improvement of coordination of horizontal and vertical geometry. 
This has been shown to be a successful solution in reducing aquaplaning potential in the past. In this 
case, dramatic changes to the road geometry, surfacing or drainage are not required. As the 
aquaplaning potential on this section of road is deemed to be within acceptable limits, it is not 
recommended to implement large scale solutions for aquaplaning mitigation as this could be very 
costly for very little benefit. The proposed vertical re-alignment is appropriate as it will reduce 
potential to within desirable limits and can be done in conjunction with any overlay treatments 
required in the future.     
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7 Conclusions and Further Research 
In conclusion, it can be seen that the two key objectives of this research have been achieved. Six 
internationally used aquaplaning assessment methodologies (including the Queensland DTMR Road 
Drainage Manual method) have been identified and analysed. This has assisted in the evaluation of 
the currently used assessment methodology in Queensland and enabled recommendations to be 
made regarding future changes to the method and further research. A number of potential solutions 
for the reduction of aquaplaning potential have also been identified and evaluated. 
Through the identification and evaluation of several internationally used assessment methodologies, 
the first objective of this research has been able to be achieved. It has been found that Gallaway’s 
research in 1979 to produce the Gallaway equation has not been superseded by any further research 
and that this equation is still utilised in the United States, Ireland and various European nations. 
Although the RRL equation is utilised in the United Kingdom and New Zealand, this method has 
simplified assumptions (e.g. does not account for texture depth) and can be seen as a less accurate 
means of calculating water film thickness. It has therefore been accepted that the use of the 
Gallaway equation is appropriate for aquaplaning assessment in Queensland. 
The method used in Ireland is near identical to the Queensland method. The only apparent 
difference between the two is a desirable maximum water film thickness of 3.3mm as opposed to 
the current 2.5mm used in Queensland. This is a source of further research to determine whether 
this limit is appropriate to the Australian context. If it is found to be appropriate, a relaxation of the 
desirable maximum water thickness to 3.3mm would allow conforming geometries to be designed 
more easily. 
The design rainfall intensity used for calculation in Queensland of 50mm/h has also been deemed to 
be an appropriate maximum. Research has shown that drivers will not drive at intensities greater 
than this. Ireland and the United States have also adopted 50mm/h as the maximum rainfall 
intensity analysed. South Africa uses much greater rainfall intensities however the reasoning behind 
this is not clear. One possible reason for using such high rainfall intensities is that South Africa 
experiences flash flooding and torrential rains. This assumption is not valid for the Australian 
context.  
The methodology used in Florida utilises an application (HP) which allows the water film thickness to 
be calculated and the corresponding incipient aquaplaning speed to determined using the PAVDRN 
equation. In order to improve the method of assessment used in Queensland it is recommended 
that a similar programme be developed and adapted. This programme would calculate the predicted 
water film thickness using the currently used Gallaway equation and then determine the incipient 
aquaplaning speed. As with the Florida method, this should be completed for a range of rainfall 
intensities up to 50mm/h and then compared with the predicted driver speed. In order to do this, 
further research is required into the behaviour of drivers in wet conditions. It is predicted that 
drivers will reduce their speed as rainfall intensity increases. 
The second objective of this research was to identify and analyse potential solution to mitigate 
aquaplaning potential. This has been achieved through research into currently implemented 
international solutions and theoretical solutions which require further development. Solutions 
identified could be categorised as short term preventive actions, design considerations, geometric 
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solutions, surfacing solutions or drainage solutions. Some solutions could be classified under 
multiple categories. All solutions provided some reduction in aquaplaning potential however many 
were prohibitively expensive, difficult to construct or had little testing. It was found that greater 
awareness of aquaplaning as a risk in the design process would produce the greatest reduction of 
aquaplaning potential with the least cost. Other solutions may be used in conjunction with a sound 
road design however cannot be used in its place. Road designers must have an understanding of 
how aquaplaning occurs and conditions where aquaplaning potential is high (i.e. superelevation 
development) as well as knowledge of design principles which will allow them to design roads with 
minimal aquaplaning risk. 
Aquaplaning is a very dangerous phenomenon and can affect all road users. It is therefore important 
that appropriate assessment methodologies are implemented to ensure the risk of aquaplaning is 
mitigated. These methodologies guide the design process and improve the safety of the road user. A 
raft of solutions is also necessary to reduce aquaplaning potential adequately as different solutions 
may be better suited to specific scenarios. A number of solutions have been identified in this 
research however some of these require further development and more will be identified in the 
future.    
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9 Appendix A – Treatment Type Cross-Section 
 
Figure 31 - Type Cross Section of Work (Buckley, T 2013)
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10 Appendix B – Aquaplaning Assessment Locations 
 
Figure 32 - Working Plan Sketch 1 (Moss, R 2014) 
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Figure 33 - Working Plan Sketch 2 (Moss, R 2014) 
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Figure 34 - Working Plan Sketch 3 (Moss, R 2014) 
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Figure 35 - Working Plan Sketch 4 (Moss, R 2014) 
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11 Appendix C – Aquaplaning Potential Assessment Calculations 
11.1 Design Geometry 
11.1.1 10mm Sprayed Seal (T=1.5mm) 
 
Figure 36 - Aquaplaning Potential Assessment, Toowoomba-Cecil Plains Road, Ch. 14965, T=1.5mm, Design (Moss, R 
2014) 
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Figure 37 - Aquaplaning Potential Assessment, Toowoomba-Cecil Plains Road, Ch. 15245, T=1.5mm, Design (Moss, R 
2014) 
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Figure 38 - Aquaplaning Potential Assessment, Toowoomba-Cecil Plains Road, Ch. 15670, T=1.5mm, Design (Moss, R 
2014) 
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Figure 39 - Aquaplaning Potential Assessment, Toowoomba-Cecil Plains Road, Ch. 16070, T=1.5mm, Design (Moss, R 
2014) 
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Figure 40 - Aquaplaning Potential Assessment, Toowoomba-Cecil Plains Road, Ch. 16320, T=1.5mm, Design (Moss, R 
2014) 
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Figure 41 - Aquaplaning Potential Assessment, Toowoomba-Cecil Plains Road, Ch. 16400, T=1.5mm, Design (Moss, R 
2014) 
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Figure 42 - Aquaplaning Potential Assessment, Toowoomba-Cecil Plains Road, Ch. 16865, T=1.5mm, Design (Moss, R 
2014) 
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Figure 43 - Aquaplaning Potential Assessment, Toowoomba-Cecil Plains Road, Ch. 17200, T=1.5mm, Design (Moss, R 
2014) 
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Figure 44 - Aquaplaning Potential Assessment, Toowoomba-Cecil Plains Road, Ch. 17370, T=1.5mm, Design (Moss, R 
2014) 
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Figure 45 - Aquaplaning Potential Assessment, Toowoomba-Cecil Plains Road, Ch. 19085, T=1.5mm, Design (Moss, R 
2014) 
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Figure 46 - Aquaplaning Potential Assessment, Toowoomba-Cecil Plains Road, Ch. 19460, T=1.5mm, Design (Moss, R 
2014) 
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11.1.2 Worn 7mm Sprayed Seal (T=0.6mm) 
 
Figure 47 - Aquaplaning Potential Assessment, Toowoomba-Cecil Plains Road, Ch. 14965, T=0.6mm, Design (Moss, R 
2014) 
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Figure 48 - Aquaplaning Potential Assessment, Toowoomba-Cecil Plains Road, Ch. 15245, T=0.6mm, Design (Moss, R 
2014) 
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Figure 49 - Aquaplaning Potential Assessment, Toowoomba-Cecil Plains Road, Ch. 15670, T=0.6mm, Design (Moss, R 
2014) 
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Figure 50 - Aquaplaning Potential Assessment, Toowoomba-Cecil Plains Road, Ch. 16070, T=0.6mm, Design (Moss, R 
2014) 
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Figure 51- Aquaplaning Potential Assessment, Toowoomba-Cecil Plains Road, Ch. 16320, T=0.6mm, Design (Moss, R 
2014) 
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Figure 52 - Aquaplaning Potential Assessment, Toowoomba-Cecil Plains Road, Ch. 16400, T=0.6mm, Design (Moss, R 
2014) 
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Figure 53 - Aquaplaning Potential Assessment, Toowoomba-Cecil Plains Road, Ch. 16865, T=0.6mm, Design (Moss, R 
2014) 
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Figure 54 - Aquaplaning Potential Assessment, Toowoomba-Cecil Plains Road, Ch. 17200, T=0.6mm, Design (Moss, R 
2014) 
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Figure 55 - Aquaplaning Potential Assessment, Toowoomba-Cecil Plains Road, Ch. 17370, T=0.6mm, Design (Moss, R 
2014) 
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Figure 56 - Aquaplaning Potential Assessment, Toowoomba-Cecil Plains Road, Ch. 19085, T=0.6mm, Design  (Moss, R 
2014) 
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Figure 57 - Aquaplaning Potential Assessment, Toowoomba-Cecil Plains Road, Ch. 19460, T=0.6mm, Design (Moss, R 
2014) 
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11.2 As-Constructed Geometry 
11.2.1 10mm Sprayed Seal (T=1.5mm) 
 
Figure 58- Aquaplaning Potential Assessment, Toowoomba-Cecil Plains Road, Ch. 14965, T=1.5mm, As-Con (Moss, R 
2014) 
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Figure 59 - Aquaplaning Potential Assessment, Toowoomba-Cecil Plains Road, Ch. 15245, T=1.5mm, As-Con (Moss, R 
2014) 
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Figure 60 - Aquaplaning Potential Assessment, Toowoomba-Cecil Plains Road, Ch. 15670, T=1.5mm, As-Con (Moss, R 
2014) 
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Figure 61 - Aquaplaning Potential Assessment, Toowoomba-Cecil Plains Road, Ch. 16070, T=1.5mm, As-Con (Moss, R 
2014) 
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Figure 62 - Aquaplaning Potential Assessment, Toowoomba-Cecil Plains Road, Ch. 16320, T=1.5mm, As-Con (Moss, R 
2014) 
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Figure 63 - Aquaplaning Potential Assessment, Toowoomba-Cecil Plains Road, Ch. 16400, T=1.5mm, As-Con (Moss, R 
2014) 
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Figure 64 - Aquaplaning Potential Assessment, Toowoomba-Cecil Plains Road, Ch. 16865, T=1.5mm, As-Con (Moss, R 
2014) 
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Figure 65 - Aquaplaning Potential Assessment, Toowoomba-Cecil Plains Road, Ch. 17200, T=1.5mm, As-Con (Moss, R 
2014) 
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Figure 66 - Aquaplaning Potential Assessment, Toowoomba-Cecil Plains Road, Ch. 17370, T=1.5mm, As-Con (Moss, R 
2014) 
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Figure 67 - Aquaplaning Potential Assessment, Toowoomba-Cecil Plains Road, Ch. 19085, T=1.5mm, As-Con (Moss, R 
2014) 
Benjamin Dudman 0061004990   
107 
Aquaplaning Assessment and Mitigation in Flat Terrains  
 
 
Figure 68 - Aquaplaning Potential Assessment, Toowoomba-Cecil Plains Road, Ch. 19460, T=1.5mm, As-Con (Moss, R 
2014) 
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11.2.2 7mm Worn Sprayed Seal (T=0.6mm) 
 
Figure 69 - Aquaplaning Potential Assessment, Toowoomba-Cecil Plains Road, Ch. 14965, T=0.6mm, As-Con (Moss, R 
2014) 
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Figure 70 - Aquaplaning Potential Assessment, Toowoomba-Cecil Plains Road, Ch. 15245, T=0.6mm, As-Con (Moss, R 
2014) 
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Figure 71 - Aquaplaning Potential Assessment, Toowoomba-Cecil Plains Road, Ch. 15670, T=0.6mm, As-Con (Moss, R 
2014) 
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Figure 72 - Aquaplaning Potential Assessment, Toowoomba-Cecil Plains Road, Ch. 16070, T=0.6mm, As-Con (Moss, R 
2014) 
Benjamin Dudman 0061004990   
112 
Aquaplaning Assessment and Mitigation in Flat Terrains  
 
 
Figure 73 - Aquaplaning Potential Assessment, Toowoomba-Cecil Plains Road, Ch. 16320, T=0.6mm, As-Con (Moss, R 
2014) 
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Figure 74 - Aquaplaning Potential Assessment, Toowoomba-Cecil Plains Road, Ch. 16400, T=0.6mm, As-Con (Moss, R 
2014) 
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Figure 75 - Aquaplaning Potential Assessment, Toowoomba-Cecil Plains Road, Ch. 16865, T=0.6mm, As-Con (Moss, R 
2014) 
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Figure 76 - Aquaplaning Potential Assessment, Toowoomba-Cecil Plains Road, Ch. 17200, T=0.6mm, As-Con (Moss, R 
2014) 
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Figure 77 - Aquaplaning Potential Assessment, Toowoomba-Cecil Plains Road, Ch. 17370, T=0.6mm, As-Con (Moss, R 
2014) 
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Figure 78 - Aquaplaning Potential Assessment, Toowoomba-Cecil Plains Road, Ch. 19085, T=0.6mm, As-Con (Moss, R 
2014) 
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Figure 79 - Aquaplaning Potential Assessment, Toowoomba-Cecil Plains Road, Ch. 19460, T=0.6mm, As-Con (Moss, R 
2014) 
